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I. Introduction

Shielded cables have been used extensively on aircraft, ground and space-
missile systems to reduce the electromagnetic coupling (crosstalk) between
electrcal equipments which are interconnected by wires, The wires which
interconnect these electrical and electronic devices are generally routed in
densely-packed, cable bundles. The unintentional electromagnetic coupling or
crosstalk between these wires may be of sufficient magnitude to degrade the
performance of the equipments which the wires interconnect. In order to re-
duce this level of crosstalk, shielded cables and twisted pairs of wires have
been employed.

In an earlier report [1l], the prediction of crosstalk to braided-shield
cables was investigated. The braided-shield cable consists of a circular,
cylindrical shield which is composed of belts of wires, interwoven to provide
flexibility and an interior wire (the shielded wire) located on the axis of
the shield as shown in Fig. 1l-1. The interior wire or shielded wire is of
radius r, and the shield has radius L The shield thickness, tes is approx-
imately equal to the diameter of the wires making up the braid which have
radius T i.e., tS = 2rb. The shielded cable usually has an overall,
insulating jacket of thickness tj, and the shield is woven in B belts of wires
with a weave angle of Ow as shown in Fig. 1-1. Each belt contains W wires.,
If the length of the shield is denoted by ;t;, then each braid wire is of
length ;r;/cos Ow. The medium internal to the shield and surrounding the
interior, shielded wire is a dielectric with permittivity e = €.y and perme-
ability u = M, where the permittivity and permeability of free space are
denoted by ey and Hyo respectively.

In terminating a braided-shieiru cable, for example, at a connector, the
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braid is often stripped back exposing the interior, shielded wire as shown

in Fig. 1-1. The braid is terminated (usually to a ground plane such as an
aircraft structural skin) via another wire which will be referred to as the
pigtail wire. These exposed terminal sections will be referred to as pigtails
throughout this report although this use of the term is not standard. The
term pigtail is sometimes used elsewhere to denote the pigtail wire. The
length of the left pigtail section will be denoted by éf;L and that of the
right section will be denoted by ;tpR' The total length of

the cable is denoted asI = {)L + is + apr.

When braided shield cables are terminated in connectors in this fashion,
the shielded wire is directly exposed over the pigtail sections to other wires
in the cable bundle which are also terminated at the connector as shown in
Fig, 1-2, If it is desired to carry a shield connection through the connector,
a separate wire, the pigtail wire, connects the shield braid to an additional
connector pin., To avoid bunching of these shields at the connector, the pig-
tail sections at a connector are generally of different lengths. The various
design handbooks [4,5,6] seem to recommend against using pigtail sections. It
appears to be common nevertheless [7,8], In fact the author has observed pig-
tail sections in excess of 6 inches.,

It was shown previously [1,2] that the coupling over the pigtail sections
may constitute the dominant coupling mechanism to the shielded wire. Even
though the total length of the pigtail sections, ipr + zgk’ may constitute
only a minor fraction of the total cable length, it was shown in [1,2] that,
depending on the values of the cable termination impedances, the contribution

to the received voltages at either end of the cable (the voltages of the

shielded wires) due to the pigtail sections can be larger than the contribution
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over the (much longer) shielded section. In this situation, the shield simply
serves to reduce the exposed length of the interior wire (,pr + pr) from
what it would be if no shield were present (Z). Thus the shield still pro-
vides a reduction in crosstalk. However, it was shown in {1,2] that if the
pigtail sections were eliminated, one could realize an additional reduction in
crosstalk of as much as 30dB (over certain frequency ranges). Thus the
effectiveness of the shield in reducing crosstalk can be substantially reduced
by the pigtail sections.

An additional result shown in [1,3] was that the crosstalk to or from a
braided~shield cable including the effects of pigtail sections could be pre-
dicted quite accurately with the multiconductor transmission line model (MTL)
whose basic features are described in [9]. Certain other features of the
coupling which are distributed parameter in nature could not be predicted with
lumped circuit models. For example, it was shown in [1,2] that the coupling
to a shielded cable in which only one end is grounded depended, in some cases,
very strongly on which end of the shield was grounded. This is clearly a dis-
tributed parameter phenomenon, and the MTL model predicted this result quite
accurately. In addition, it was shown in [2] that the coupling to a shielded
wire may depend quite strongly on the orientation of the pigtail wires. Simple
lumped models failed to predict these effects, whereas the MTL model predicted
these results quite accurately.

In order to describe the coupling through cable shields we first consider
a cable having a solid shield. The coupling from an exterior field to the
interior, shielded wire for solid-shield cables is described by a surface

transfer impedance, per-unit-of cable length. For an infinitely long,

ZT,

solid, conducting cylinder, suppose the cylinder carries a total current I
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directed in the axial (x) direction where I = Iin + Iout' The return path for
Iin is within the cylindrical surface while the return path for Iout is
outside the surface. The conducting cylinder has finite conductivity o and
therefore the current I flowing along the cylinder will induce electric fields
on the inner and outer surfaces of the cylinder, Ein and EOut’ respectively,

which are directed in the axial direction of the cylinder. The currents and

induced electric fields may be related as [10-13, 19, 22]

in ii io in
= V/m (l'l)

out oi 00 out

The terms z.5 and z . may be thought of as per-~unit-length self impedances

of the surfaces:

E,
z, = =% Q/m (1-2a)
ii I,
in 1 =0
out
Eout
zZoo =T Q/m (1-2b)
° out I. =0
in

whereas the terms Zis and z ; are called surface transfer impedances

(per-unit-length):

Ein
20 = T Q/m (1-3a)
© out I, = Q0
in
Eout
z , = —— Q/m (1-3b)
oi I, _
in I =0
out

These surface transfer impedances relate the current on one surface of the
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cylinder to the induced field on the other surface.
The two surface transfer impedances Zio and I will be assumed to be

equal and will be designated as z i.e.,

Tl
z,. = 2z, = 2z . (1-4a)

The self-impedances of the shield, 2,4 and z will also be taken to be the

same and designated as 2z i.e.,

S’

I
N

z, =2z

S ii 00 (1-4b)

Certainly for cylinders with wall thicknesses which are sufficiently small,

these , 11 be reasonable approximations. Thus (1-1) becomes

Ein Zg Z7 Lin
= (1-5)
Eout zT zS Iout
,

E The surface transfer impedance accounts for skin effect - the tendency

. for a current to concentrate on a conductor surface nearest its source. At
D-C, any current flowing in the shield will tend to be uniformly distributed
over the shield cross section. As the frequency is increased the current tends
to concentrate towards the shield surfaces. Thus for increasing frequencies
less current diffuses through the wall to induce an electric field on the
opposite surface. In the limit as the frequency is increased without bound
there is perfect isolation between the inner and outer walls of the shield.

If the frequency is sufficiently small so that the shield thickness is less
than a few skin depths, the surface transfer impedance is approximately equal

to the impedance of the shield. In fact, the two should converge as the fre-
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quency is reduced to zero. We will often refer to this surface transfer
impedance, Zos for solid shields as the diffusion impedance and denote it as
zq = 2p for the above reasons.

The surface transfer impedance represents the coupling of some field
external to the cylinder to the field internal to the cylinder and occurs via
diffusion through the finitely conducting shield. This surface impedance is
employed to predict the coupling from some field incident on a coaxial cable
to the loads connected to the end points of the coaxial cable in the follow-
ing manner [19]. As an example, consider the coaxial cable above the ground
plane shown in Fig. 1-3@) The coaxial cable consists of a conducting cylinder
and a concentrically-located, conducting wire. An incident field, such as a
uniform plane wave, illuminates the cable and induces a current, Iout’ flowing
along the shield and returning through the ground plane. For the purposes of

computing this induced current, I it is universally assumed that the

out’
interior of the shield and, in particular, Iin have no effect on the external
circuit [19]. 1In other words, IOut is traditionally calculated as simply the
current induced on an isolated cylinder above ground. Thus we assume a uni-
lateral effect - outside to inside - to simplify the calculations. Then the
effect of this induced current, Iout’ and consequently the incident field, on
the internal structure is manifested as a per-unit-length voltage source in
the cable interior equal to .. Iout (V/m). The equivalent circuit represent-
ing a small, Ax section of the shield and interior, shielded wire is shown in
Fig. 1-3(b).

The per-unit-length impedance of the interior wire is represented by z,

and the per-unit-length inductance and capacitance of this Ax section of the

line are represented by & and c, respectively. The current Iin produces a
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Figure 1-3. Field-to-wire coupling involving shielded cables.
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voltage drop z Ax Iin along the interior surface of the shield as indicated

by (1-1) and (1-2a), and the effect of the external shield current, Iout’ ii*‘

induced by the incident field is represented by a voltage source zZ; Iout Ax as

indicated by (1-1) and (1-3a).

From the equivalent circuit in Fig. 1-3(b), we may derive the transmission i**

y
::~ line equations as [9] 1
[ dv(x) _ _

. Ix (zw + z + jwl) Iin(x) + z; I u (x) (1-6a)
]

out f

bt RN

s dI, ()
T = Tdee VOO (1-6b)

Note that the effect of the incident field appears in these transmission line *

equations as a driving term, z_I . L
q g 9 T Out o

e

This is an example of the use of the surface transfer impedance for

fer
L

S 4
N

via the small holes in the shield introduced by the overlapping, wire braid.

. e,

[«

A

o

3

ﬂ!. solid, cylindrical shields. For braided shields, additional coupling occurs
4 This construction of the shield braid introduces small, diamond-shaped holes
b

between the belts of wires. These holes allow other coupling mechanisms to

S Bty

occur between the outside environment and the interior, shielded wire which

were not present for a solid shield. For the solid shield, the coupling from

calhindh Ad > L2

E__ the exterior to the interior occurred only by diffusion through the metal.
E?: For the braided shield, additional inductive and capacitive coupling occur via ]
i;; the holes in the shield as discussed by Latham [15,16] and Vance [17]. .
Lif Latham provided the following development. Suppose the braided shield

. and interior wire are perfectly conducting. Consider a small Ax section of

. the cable as shown in Fig. 1-4., Select a planar surface of length Ax between
-

i-[ the interior wire and the shield as shown in Fig. 1-4(a). Faraday's law

»:‘;

N 10
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Figure 1-4. Surfaces and contours for the derivation of the transmission-line
equations,
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written around this contour is

m §E-E}f=-—jwu fﬁ-?s’ (1-7) -_5:._,51

. c s ]
= "::1
, = =Jwy o
o
Write the flux through the surface as 11
o 4
Yy = 2 Ax IC - QT Ax IS (1-8) s
1‘ where Ic is the total current carried by the interior wire and Is is the total if’*
F

current carried by the shield. Defining the voltage between the interior wire

- and the shield as

L‘ wire '
. V(x) = - f E - (1-9) v

shield

&l

. '
YRy e B

we obtain

+ - = - - - R

V(x Ax) V{x) jw(chx Ic lTAx IS) (1-10) :

Dividing (1-10) by Ax and taking the limit as Ax - C yields o

b

dv(x) _ 9

ix - Jwl Ic(x) + jwlT Is(x) (1-11) 23

f .

3 and -

P. -L rs '..

= —_— - 2 .:'

i‘ 2 4 An (r ) (1-12) .y

= v X

- .

in is the per-unit-length self inductance of the cable where p is the perme- r

- 3

ability of the interior medium. The quantity 2, is the per-unit-length '

g

E! transfer inductance which is zero for solid, circular, cylindrical shields 1

.t 1

. which have the interior wire on the axis of the shield. Holes in the shield )
b .

:: as well as shields having a conducting direction not along the x axis (such 1
=

»! as tape-wound) cause ET to be nonzero. ]
.

12
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Similarly, consider Fig. 1-4(b). A closed surface is constructed around

the interior wire, Writing Ampere's law for this surface

TR R (1-13)
c s

we obtain
Ic(x + Ax) -~ Ic(x) = juw Qc(x) (1-14)

where Qc is the total charge contained on the interior wire over Ax. The
charge on the interior wire and on the shield, QS, can be related to the
voltage as

VAx=8s8Q - St Q (1-15)

Solving (1-15) for Qc and substituting into (1-14) we obtain as Ax - 0,

dI (x) s
& T eIV - e = Q) (1-16)

For a circular, cylindrical shield

, r
= L - -
s = 5= n (rw) (1-17)

The transfer elastance Sp is due to the penetration of the electric field

lines through the shield. The terms ET and s are determined for braided
shield cables in terms of the magnetic and electric polarizabilities of the
holes in the braid [16].

Vance [16] has chosen to include the diffusion term in the voltage change
expression for braided shields as was present for solid shiclds. For a

braided shield, Vance assumed that all strands of the braid were connected,

electrically, in parallel, For example, if there are B belts of wires, W wires

=
(3]

prey




per belt and the braid is woven with a weave angle Ow’ then the per-unit-length

D-C resistance of the braid is

1

ne” 6,7 G B W coso_ /m (1-18)

where ry is the radius of each strand and ¢ is the strand conductivity. Vance
presumes that this braid impedance is modified with increasing frequency in
the same manner as the solid cylinder. Thus the per-unit-length diffusion

impedance, PP is taken by Vance to be

= yd ., -
zd rDC sinhyd ~ m (1-19)

where d is the diameter of the braid wires, d = 2rb, and vy = (1 + j)/& where
§ = (nfuc)_l/2 is the skin depth. The self impedance of each strand of the
braid, z» is chosen here to be computed as the impedance of an isolated round
wire. The total self impedance of the braid is then chosen as the impedance

of all strands in parallel.

Comparing Fig. 1-3 and Fig. 1-4(a) we note that

I =1, (1-20a)
c in
Is - Iout - I1n
or
I, =1 (1-20b)
in c
Iout = Is + Ic

Substituting (1-20b) into (1-6) and adding the transfer inductance and transfer

elastance we obtain
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avx) | _ (z

T w T 2g t+Jut - zd) Ic(x) + (zd + jsz) Is(x) (1-21a)

dIC(x)
= - jwe V(%) - jwc Sy Qs(x) (1-21b)

where the diffusion impedance is z, and the total transfer impedance for

d
the braided shield now becomes

zp = 24 + jwlT 2/m (1-22)

The purpose of this report is to extend the above concepts to multi-
conductor cables in which the individual wires may be unshielded or shielded
with solid or braided shields. The results will be incorporated into a
digital computer program, SHIELD, which may be used to predict crosstalk in
cables which have shielded wires. A description of the program is given in
Section III. A User's Manual is given in Section IV. The shields may have
pigtail sections as described previously. The pigtail section lengths need
not be the same. Two choices of reference conductor for the line voltages
are available, The cables may be over a ground plane or within an overall,
circular cylindrical shield.

The distributed impedances of all conductors due to their finite con-
ductivities are included in the model. This allows the modeling of common
impedance coupling as is illustrated in Fig. 1-5. Consider two wires and
a reference conductor shown in Fig. l-5(a). At a sufficiently small frequency,

the current in the generator wire can be computed as

I, & et (1-23)

The majority of this current passes through the reference conductor pro-
ducing a voltage drop across the reference conductor total impedance ZO’ of

15
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Figure 1-5. Common impedance coupling.
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c = %l (1-24)
;!g This common impedance voltage is then coupled directly to the receptor
3 circuit producing voltages
o Z
OR
Voo =575 V (1-25a)
OR ZOR + %LR C
Z
4R
Voo = — = 5 (1-25b)
1R Zog * z:!‘R C

These low-frequency voltages produce a "floor" in the low-frequency cross-—
talk as shown in Fig. 1-5(b).

Each cable shield may be grounded to the reference conductor (via

the pigtail wires) at one end, both ends or neither end. The lengths of

each pigtail section on each shielded cable may be chosen by the uaxxy. For

example, a shield may have no pigtail at one end and a pigtail at the other.

In section II, the derivation of the line equations is presented.

YW T, t.-v Y, 1

Comparisons of the code predictions with experimental data are provided in

Section V. A listing of the code is given in the Appendix.
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II. Derivation of the Line Equations

The basic technique is illustrated in Fig. 2-1. A line is shown for
illustration in Fig. 2-1(a) as having 2 unshielded wires and 2 shielded cables
having pigtail sections of various lengths. The line is divided into sectiomns
of uniform cross section., The chain parameter matrices ? (which in this
case are 12 x 12) are obtained for each section and the overall chain para-
meter matrix of the line, ?, is determined as the product (in the appropriate
order) of the chain parameter matrices of the individual sections as described
in [1]. Once the overall chain parameter matrix for the entire line is de-
termined, the two terminal constraints are incorporated and the terminal
voltages (and/or currents) of the line are determined. This is the essential

technique involved in the program.

2.1 Shielded Section

First consider the case of u unshielded wires and s shielded cables (with
no pigtail sections) as shown in Fig. 2-2. The line axis is the x-coordinate
axis and the phasor conductor currents for sinusoidal steady-state excitation
of the line are defined in the +x direction. The current in the reference
conductor is the negative sum of these U + 2S conductor currents. U conductor
currents, IWi’ are defined for the unshielded wires anu 2S currents, I&i and
Isi’ are defined for the shielded caples as shown in Fig. 2-2, The phasor
voltages of tlie U + 28 conductors, Vwi’ VWi and vsi’ are defined with respect
to the reference conductor.

To facilitate deriving the line equations, it is convenient to redefine
the voltages and currents of the shielded cables as shown in Fig. 2-3. The

shielded wire voltage is defined as

VA. = V". - V . (2_1)
wi wl S1
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and the voltage of the shield remains unchanged. The shielded wire currents )
:d are redefined such that a current in the shield has Isi and I&,i with a return *—"“
" -
- exterior to the shield and I&i with a return interior to the shield. .
f: Defining a contour as shown in Fig. 2-3 between the shield and the :-'
E- reference conductor and between x and x+Ax and writing Faraday's law around 7‘~4

R |

- this contour we obtain, in the limit as Ax - 0 [1}], 1
?” sti
' = - - + I.,) + - -
,’! dx Jw wsi Zsi (Isi Iwi) Z4i (Imi) (2-2)
2
3 U S
£ *ielpy Loy mzg 2T+ (@ + 150}
t._ i=1 i=1

where wsi is the per-unit-length magnetic flux penetrating the surface

bounded by the contour due to all currents in the system, This is determined :
by assuming the conductors are perfect conductors and the shields are solid :
with no penetrations. The other per-unit-length quantities on the right-hand- siq
4
side of (2-2) are the self impedance of the shield, zsi’ the diffusion . j
impedance of the shield zy0 the self impedance of the reference conductor zg -
and the transfer inductance of the braided shield (due to holes in the braid) é:
;; QTi' If the shield is solid, gTi is removed and z g and z4; are changed. {i
:f The voltage change expression for the shielded wire voltage (with respect fi
) ]
- to the shield), V~,, is obtained in a similar fashion: - 4
& | wi -4
- - B
dv-, .
o wi _ _ mz2a, I~ =2 . I~ +2,, 1~ +2,, 1 =
- ax T I Vet T %Ga Tor T %si Ton T %an Noi T %ai s &
.
1
) % ~ + i
- *ojelpy Iog t Jeley Iy (2-3)
- Here ., is the per-unit-length magnetic flux penetrating a similar contour J
¢ wi 1
3
» ]
R 22 .
[]
s 1
k- — e . ——— »




between the shield and the shielded wire and between x and x+Ax, and zos is
the per-unit~length self impedance of the shielded wire, The other quantities
are the same as for (2-2). Again, if the shield is solid rather than braided,

zTi is removed from this expression and z s and zy; are changed.

With the relation in (2-1), the voltage change expression for V&i becomes

ey oy gy
dx = dx t dx (2-4)

= - ju (wsi + w&i)

- (2 mzgy - detgy) T

si
T 2z -2y - Jwlgg) Ing
- 2z~, Ia.,
wi “wi
U S
- ZO { .Z Iwi + L (ISi + I&i)}
i=1 i=1

The voltage change expressions for the voltages with respect to the

reference conductor of the unshielded wires are obtained in a similar fashion:

dvWi
Tdx T e wwi - zwi Iwi (2-3)
u S
-z {'z rwi-r 'z (ISi + 1&1)}
i=1 i=1

The above equations can be placed in matrix form in the following manner.
Define the U + 2S vector of line voltages (all with respect to the reference

conductor) as
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T

Then equations (2-2),

V=-juy

(2-4) and (2-5) become

-gl-2z,U1

(2-9b)

(2-9¢)

(2-10)

where the dot denotes ordinary derivative with respect to x and the (U + 28) x

U + 2S) matrix ZC i
Z
Tw
A Q
-C -
0

s —
0 0
?s (%s - %d - JwET)

@ = 2y = ulp) (22 = Z = July) + Z5)

(2-11)

The submatrices in (2-11) are diagonal with the main diagonal entries given by

[ %w ]ii

and all other entries

=z i=1, -—-—-, U
= zSi i=1, ---, S
= 244 i=1, ---, S
= z&i i=1], -—, S
L. = lTi i=1, ---, S
are zero,
25

(2-12a)

(2-12b)

(2-12¢)

(2-12d)

(2-12e)
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We denote the entry in the i-th row and j-th column of a matrix M by

[ M ].,.. The matrix U is the (U + 28) x (U + 2S) unity matrix with ones in

every position:

(11 1 e 1]
1 1 1 - 1
U = v : : (2-13)
. ’ [] [}
1 1 ] ]
RIR T 1]

Once again, if the i-th shield is solid, & is removed from L_ and z, and

Ti ~T di
z_; are computed for a solid shield.
The (U + 28) vector y relates the per-unit-length magnetic fluxes passing

between each conductor and the reference conductor to the line currents via the

(U + 2S) x (U + 28) per-unit-length inductance matrix L:

g=L1 (2-14)
where
(L= lij (2-15)
for i,j = 1, ---, U+2S.

Computation of the entries in P are described in [1] and [24]. The self
inductance of a shield is computed as though the shield were a solid wire.
The mutual inductances between a shield and an unshielded wire are similarly
computed. The only variation from this obvious scheme is the computation of
the mutual inductance between a shield and its shielded wire. This is equiv-
alent to the self inductance of the shield as described in [1]. The compu-
tation of the per-unit-length transfer inductances is described in [22,23],

The primary definition of the per-unit-length inductance matrix is
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PV ST

iw L L L -~ I
~WW _WS _wWw w

L L - 1 (2-16)
= ~.SW .S8S .Sw ~S

L~ La La~ I~
WW WS .WW W

i

s act pm

where ww is a vector of per-unit-length magnetic flux passing between each
wire and the reference conductor, ms is a vector of per-unit-length magnetic
@ flux passing between each shield and the reference conductor, and 2 is a
vector of magnetic flux passing between each shielded wire and the reference
conductor. From the definition in (2-16) one can easily obtain the entries

in L [1]. With these definitions, the voltage change expression in (2-10)

V.

. v{j’.' -"',';_‘.
‘\
b VY

becomes

Aadadosos

- V) = - (2, + 2z, U+ jo L) 1(x) (2-17)

- ' Te -
LI .
. : o

It now remains to determine the second transmission-line equation - the

current change expression.

N ,'.V' .',.-’
P WP O W)

' The current change expressions are similarly computed. Essentially we g
need to relate the voltage of each conductor to the per-unit-length charge

carried by that conductor. The per-unit-length charges and conductor voltages

. P
.
P IR OV WL )

are defined in Fig. 2-4., These definitions are directly analogous to those e
for the line voltages and currents in Fig. 2-3. The shield carries per-unit-

length charges q and qn; on its outer surface and -q;; on its inner surtace.

e A b s

Voltages V-~ ., V<, and V_, are defined as in Fig. 2-3.
wi’ wi si

The basic relationship is:

'®

CUS N S S R N
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Derivation of the current change equation for a shielded cabhle.
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!w = §ww g, * ?ws 4 * Swﬁ 35

Vs = Sow S * §ss 3 * ?s& W (2-18)

!& = Sﬁw 9t §Qs 95 * ?Q& 94

where the vectors Xw’ V , V. are defined in (2-7) and

—s? ~w
rqwl
]
]
a,= | . U (2-19a)
'
(
q
h.__wU_J
19
Fqsl
'
]
= ] —_
gs X } S (2-19b)
]
955 | 4
rq&l
'
{
t
9, = . S (2-19¢)
' wS
L .
In matrix notation, (2-18) becomes
v T [s S S ~T1 [a ]
—w “WW WS Tww ~w
y-s = ?sw ?ss ?s& 9 (2-20)
) LS Ses Smd L%
e —— -~ Y S————
v S q
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The current change expression is obtained by inverting (2-20) as

3 = S-l ! (2"21)

=C_\£

where we denote the per-unit-length capacitance matrix as

c =51 (2-22)

Multiplying both sides of (2-21) by jw we obtain

juq(x) = juC V(x) (2-23)

Defining
160 = - Jug @ (2-24)

we obtain the current change expression
L]
1) = -juwl V(%) (2-25)

The holes in the braid of a braided shield cable introduce additional
terms in S. We may treat the unshielded wires and shields of the cable as a

set of U + S wires in a homogeneous medium (free space here) so that [1]

s S L L
“ww Dws 1 ~ww _ws
= < (2-26)
S S uv‘v L L
“sw _ss Jsw ss
which is symmetric, i.e., L =L°, L =L1L°, L =1L%andL_ =1°% wh
1s s etric, 1.€., “ww ww' ss -ss’ _ws WS < SW -ws ere

we denote the transpose of a matrix M by Mt. That is, the upper left block
of L in (2-16) are computed as though the shields comprise a set of isolated

wires and 9, = 0 in (2-20)
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In order to determine the remaining entries in S, consider the definition

of S in (2-20) and the voltage and charge definitions in Fig. 2-4. 1In (2-20)
- setting 4, = 94 = 0 we obtain from the first equation
s
S Yo 7 S % (2-27)
p 9,9, =0
%
:: From Fig. 2~4, we clearly have
v %5~ S (2-28)
i. Similarly
o
a3 Yo = 5w % (2-29)
C 9% "% "2
4
= so that from Fig. 2-4 we have
-
:' ?s& = ?ss + ?T (2-30)
ﬂ The matrix ST is diagonal and has the per-unit-length iransfer elastances
;' Sp; as determined by Latham [15,16] on its main diagonal:
: [Sp)ys = Spy (2-31a)
: [Spl35 =0 (2-31b)
i#3
For the last block row of S we determine the entries S -, S@s’ S&Q with
the definitions in Fig. 2-4. For example, in terms of !é,
Y= S St S 85 T S % (2-32)
and
Vo = VA + V (2-33)
- —s
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So it remains to determine §: . ?és, §é&. Setting . =g = 0 in (2-32) we
have

Vi = g2

W ~WW

(2-34)
3 =4; =28

Thus

S~ =0

~Ww -

N (2-35)
(Actually Séw is not zero due to penetrations for braided shields. But when

added to st according to (2-33), it is felt that this will be negligible

compared to the entries in S and is accordingly neglected.,) Now

W WS s (2-36)
9 =8 =9
Here penetrations through braid holes probably should be included so that
[15,16]
Sis ™ 51 @-37)
Similarly,

q,=9, =9
But this is simply the interior, self-elastances of each shielded cable [1]:
gn(r_./r~.)
- S1 Wl
[§ww ii “_Znei (2-39%a)
[§&Q]ij = (2-39b)
i#]
where rsi is the interior shield radius, ras is the radius of the shielded
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SRR > = al = - Rl - hats = “*ﬁ:
L -
- |
L. —r
&) R J
o wire and gy is the interior dielectric permittivity. Define :
:m S.... = S (2-40 3
o JINT ~ Dww -40) :
'.:_. With the above results and (2~33) we obtain :
S .
- Sov ™ Ssuw T St (2-41a) 1
- = § -
- . SW o
!“"TZ;‘
Sus = Sss * Sis (2-41b) ]
= + o
?ss ?T .
) ‘@ |
- Son = Sei * Sia (2-410) ' 4
5 A
2 = Seu t St o
L RS
o
‘ =St SrF Siar "
y »: ]
]
Thus S
- R i
E s S @
~WwW ~WS ~WS oy
$ =1 %us Ses (Sge + Sp) (2-42) R
t U
| ~ws (§ss + ~S-T) (Sge + Sp * §INT)’ ;.-'1
-
In order to show that this result is reasonable, suppose all shields .
are solid so that §T = 0. ]
®
-
B!
. !
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;Q. Then

g [ s s 1 s i

I! ~WW WS | (ws

:fi' ¢ |

X § - ?ws ?ss ! ?ss (2-43)
o I

o ——---g-----

o st s 1 s S

E | WS .88 .88 ~INTJ

where

is diagonal.

results in [25].

In order for the results to be reasonable for solid shields,

-1
F S S )
W .ws [
1
c = st g i 0
- ~ws .Ss ) -
“9° To Tt
| - -~ [ I
-1
Cint = SINT

the structure of

the per-unit-length capacitance matrix C must be [1]

0 0
* © S Cinr (2-44)
O “Crnr ot |
(2-45)

The matrix in (2-44) can be inverted in block form using the

£
2}
~>

-1
?ww WS +
st s
WS _ss

-INT
-1
S S
“WW WS
t +
S S
-ws [ ss
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Matching blocks in (2-43) we obtain

[0 o
(2-46a)
0 ¢
L~ _INT

-1
0 0 0 [0 - 1]
0 Crnrd it

Ai_s.8
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which is true. The identity matrix is denoted by 1. Similarly

- -1
Se |, [Sr Sws | [0 ][Crm)
= - ¢ (2-46b)
?ss ?ws ?ss _9INT

which is true. Also

=1
t 2 _ S S
[?ws ?ss] - [E:INT] [(:) (EIN'J ~wtw WS (2-46¢c)

st s
WS . SSs
which is true. Finally
S ! ¢ T T 0 -C S
Sss ¥ St T [JNT] '[91NT] [~ 'JNT] . (2-46d)

.88

which is also true. Thus we have shown that for solid shields, the result is

reasonable.

The computation of the transfer elastances is described in [22,23]. The
only remaining calculations are for Sww’ Sws’ Sss. These are computed from

the per-unit-length inductance matrix of the isolated system of U unshielded

wires and S shields [1]:

S S L L

WW WS - 1 “WW  _Ws

S t S uvev L t L (2-47)
WS _sSS WS _Ss

2.2 Pigtail Sections
If a pigtail occurs over a section of line as illustrated in Fig., 2-1,
certain entries of L and Zcin (2-17) and S in (2-20) associated with the

shield attached to the pigtail and its shielded wire are computed differently.
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With regard to the entries in L, the pigtail wire is simply treated as another
wire instead of a shield. Thus those entries associated with the shielded

wire and the shield in Ls , L

s L&&, are simply computed as th:ugh the

shielded wire and the pigtail wire are ordinary wires and one does not enclose

the other. The self impedances of the shield in ZS are now computed for the

pigtail wire, and the corresponding entries in Zd and LT are zero.

A similar process applies to the entries in the per-unit-length elastance
matrix S in (2-20). Those entries in S ~, S ~, S~~, associated with the pig-
~ ww’osw’oww

tail wire and its shielded wire are computed as though these were simply two

wires with neither one enclosing the other.

2.3 The Chain Parameter Matrices of the Sections

Consider a typical uniform section of the line of lengthf . The trans-

mission-line equations are

V(x)

- (%c + z, g + jw %)l(x) (2-48a)

It

I(x) = - ju C V(x) (2-48b)

we may compute the chain parameter representation of this uniform section of

line [1]:
V(x,) 4, 0 V(x,)
R - <11 112 L (2-49)
L0xg) 21 %22 | [ 2(x)
L.———V—-/
¢
where X2 is the coordinate of the right end of the section, Xy is the
coordinate of the left end of the section and the section length is
X = x - % (2-50)
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We first compute the eigenvalues and eigenvectors of the product Y Z

~ o~

where
= jwC (2-51a)
? = ?c + zog + jw% (2-51b)

The (U + 2S) eigenvectors are arranged in a (U + 28) x (U + 28) matrix T such

that

T yzr = v? (2-52)

where yz is a (U + 28) x (U + 28) diagonal matrix containing the eigenvalues

of Y Z on its diagonal.

~ o~

The entries in ¢ are then determined from [9] as

0 = 3V T (X4 e 1L Ty (2-53a)
ST L
by = -3 T [?yi - {Yi] Yoy (2-53c)
999 %'E [:ezz + c:,_! Z] ’f—l (2-53d)

The (U + 2S) x (U + 2S) diagonal matrix y is the square root of y2 and the
i _ T v, X
(U+ 28) x (U + 28) diagonal matrices e!z and e ‘!Z have entries e 1 and
Y. X - -
-1

e on the main diagonals, respectively,

2.4 The Qverall Chain Parameter Matrix of the Line

Once the chain parameter matrices of the sections are determined, the
overall chain parameter matrix of the line is the product (in the appropriate
order) of the individual chain parameter matrices of the sections as is

illustrated in Fig. 2-1 [1].
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2,5 Incorporating the Terminal Conditions

The final step in this process is the incorporation of the terminal
conditions at the two ends of the line into the overall chain parameter matrix
of the line of total length ;( in order to solve for the terminal voltages
and/or currents of the line. The general terminal configuration is shown in
Fig. 2-5. The terminal configuration at the right end, x =.f, is similar.
Each unshielded wire and each shielded wire is connected to the reference con-
ductor and each other by an admittance. A current source is also attached to
each of these wires (and directed from the reference conductor to the wire).
Each shield may be connected to the reference conductor via a short circuit
or an open circuit.

In order to incorporate the terminal conditions, we first rearrange the
overall chain parameter matrix of the line, At this stage, the overall chain
parameter matrix of the line (whick is the product of the individual chain

parameter matrices of the sections) is of the form

Rearrange the rows and columns of this matrix such that
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Figure 2-5.

S/

The terminal constraints of the line at x = 0.
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EQJ(I) [ ooy Y, i3 Y F!W(O)
| , U+S
l

Vo (1)

<
>
~
(=]
Nt
\’V\,

U+S{
|

U+S " S v

h )

(D ~21 : 22 l23, l24 L~ (0)

|

S

S%

U+S

O
c
\’N\)

-— e e == = - — - -

| | v_(0)
Y3y Yap | Y33 Yay - S
[ | 1 .(0)
—S

~s }
I R [ -
0 ! !

Va1 1 Va0 Va3
o ] )

o - [} '

Yas

=

In each vector, the first U + S entries contain the unshielded wire and
shielded wire voltages. The next U + S entries contain the unshielded wire
and shielded wire currents. The next S entries contain the shield voltages,
is, for those shield terminations which are open and the shield currents, is’
for the remaining shield terminations which are shorts. The next S zero
vectors are constraints imposed by the zero shield voltages for those shields

which are ghort-circuited and the remaining shield currents for those shields

which are open-circuited.

Thus - 7 - -
v (2) v _(0)
v(Z) =| v (0) =| °
0 ) o ]
"1 (2)] 1 (0)] (2-56)
1 (2) =|"° L (0) = °
0 j o

For the general terminal configuration in Fig. 2-5 we may write a
generalized Norton equivalent representation relating the unshielded wire and

shielded wire currents and voltages:
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1,(0) v, (0)
-y v (2-57)
1-(0) 0] va0 50

The main-diagonal entries of Y. are the sum of all the admittances connected
to the corresponding wire while each off-diagonal entry is the negative

of the admittance connected between the appropriate wires. This is the usual

nodal admittance matrix of lumped-circuit theory.

values of the appropriate current sources connected to each wire,

straint at x = Z is similar:

(1) ()

\J
A

= Y -1
) 4 =z
(1) Va(2)

The entries in I

Substituting (2-57) and (2-58) into (2-55) we obtain

[ | | ' 1T ]
(W% %) |12 TS E T Ly ()
| i | VA~ (0)
------|-__'._--_J.-_.- :w_--
} | - )
(¥92¥07¥21) | Yo v Tty oy O L)
' [ 1 '!&(.z)
______ e B e -_-- ==
| ' o
Weo¥o b)) 1 O 1 Yy O ¥:(©
! ' ' ls(o)
———- - R e = - -
{
(W3p¥g¥3) | O S - LD
i | _ bls(Z)J

Equations (2-59) may be reduced by noting that the last set of

may be separated from the first three.
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These may again be simplified.

(2-60a) may be solved for

— mmtt e mam -

The first set of equations in Equation

v (2) v_(0) v_(0)
- Wy, YYp) + ¥ + oy, L
12,0 711 13 X 212 =80
Vo (X)) V. (0) 1.(0)

Substituting into the last two sets of equations in (2-60a) yields the only

simultaneous set of equations which need be solved:

- ‘ [ v, ©]
oS { SRS RSP SEERENIILE SSEREY | IS
_________ R R | A
l v_(0)
| ~
s Wir¥o¥s1) , 3 ||Lo
'

Once the U + 2S equations in (2-62) are solved for the terminal voltages

o

- 4

- o

. (2-60a) .

22 =80 -

. 4

i

o ]

5

(2-60b) S

®

X

5

(2-61) D

b

Izt Wy e

Ye¥12) Lgo o

— -— — — - '—'

Y42 Lso
e -

(2-62)

at x = 0, y_w(O) and \_/Q(O), the terminal voltages at x =Z . _\_IW(Z) and

\_11:](1), are obtained directly from (2-61),
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IIT. Description of The Program

The contents and operation of the code will be described in this chapter.
The cards (lines) in the program deck are sequentially numbered in columns
73-80 with the word SHLD in 73-76 and the card number in 77-80. The program
is written in Fortran IV language and is double precision. A listing of the
program is contained in Appendix A. Steps required to convert the program to
single precision are given in Appendix B and a flow chart is given in Appendix
C. 1In this flow chart, the numbers on the left and right of the individual
boxes denote the beginning and ending card numbers of the corresponding portion
of the code listing, respectively. The program was implemented on an IBM
370/165 digital computer at the University of Kentucky using the WATFIV
compiler, and the single precision version should be implementable on
other computers. The program requires certain function subprograms and sub-
routines which will be described in this chapter and are supplied with the
main program, In addition, the program requires two subroutines from the
IMSL (International Mathematical and Statistical Library) package [26]. The
first of these subroutines, LEQT1C, solves a set of simultaneous, complex
equations and the other, EIGCC, determines the eigenvalues and eigenvectors
of a general, complex matrix. Any other general purpose subroutines of this
type may be used., See [27] for a description of LEQT1C and EIGCC and their
argument lists.
3.1 Main Program Description

Cards 1-37 contain comments concerning the general applicability of the
program. Cards 38-113 contain array dimensions and type declarations. The
total number of unshielded wires is NU and the total number of shielded cables

is NS, Certain combinations of these variables which are used in examples of
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dimensioning are given in cards 48-53. Either NU or NS may be chosen by the
user to be zero. However, if either is chosen to be zero, certain dimensions

must be set to 1 and not zero. See cards 85 and 97.

Cards 114-116 define two common blocks used to transfer certain constants.

Cards 117-135 define certain constants. Most of these are obvious. Constant
CMTM = 2.54D-5 when multiplied by a dimension given in mils (.00l inch)
converts that dimension to meters. The quantity RADEG = ONE80O/PI converts
radians to degrees, and V = 2.997925D8 is the velocity of light in free space.
ERTE is the permittivity of free space.

Cards 136- 342 read the input data concerning dimensions and properties
of the line conductors as well as lengths of pigtail sections and properties
of the shields. The reader is referred to the next chapter - user's manual -
for a definition of these input parameters. Cards 344~517 read the terminal
admittance, current source and shield grounding data.

Cards 519-561 read the frequency (F), the reference conductor impedance
(Z2G) and compute the self impedances of the unshielded wires (array ZWWV), the
self impedances of the pigtail wires on the left end (array ZWPLV) and right
end (array ZWPRV) of the line, the self impedances of the shields (array ZSV),
the diffusion impedances of the shields (array ZDV), the transfer inductances
of the shields (array LTV) and the transfer elastances of the shields (array
STV).

Cards 563-633 compute the overall chain parameter matrix of the pigtail
sections on the right end of the line. Card 570 stores the lengths of the
right pigtail sections (array LPR) into array LPT. <Cards 573-576 initialize
the overall chain parameter matrix of the right end to the identity matrix.

Cards 578-588 determine the length of the first (rightmost) pigtail section
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(variable LMINR) as well as the longest pigtail section, LMAXR, and initialize
the entries in array KEY to indicate whether a shielded cable is shielded over
this section (KEY=1) or has a pigtail over this section (KEY=2). Array KEY

is the key to keeping this information sorted out. Card 589 calls subroutine

INDUCT which computes the per-unit-length inductance matrix, L. Card 593

computes Z = jwL + on as in (2-17). Card 596 adds the self impedances of

the unshielded wires. (See equation (2-11). Matrix Zw is added to the above.)

Subroutine IMPADD is called in card 598 to add the remaining self and diffusion

mpedances, ZS and Z

q° the self impedances of the shielded wires, Z&, as well

as the transfer inductances L, to complete the formation of (2-11) and thus Z.

Card 599 calls subroutine SCAP which forms the per-unit-length elastance
matrix of the unshielded wire, shield system; that is, equation (2-42) without

S and S Subroutine ADMADD in card 600 adds

St SINT. and ?INT to this result

31

to complete the formation of S in (2-42). Cards 601-605 compute S“l (and stores

S 7 in array TI). Cards 607-610 compute Y = jwC = ij—l and Y_l. Subroutine

MULTC forms the product YZ in card 611 and stores in array TI, and subroutine

EIGCC computes the eigenvectors of YZ (stores in array T) and eigenvalues,

yz, (stores in array GAM). Cards 613-518 compute T_1 and cards 619--€20
compute y and stores in array GAM. In card 621, subroutine PHI computes the
chain parameter matrix of this section (stored in array PHIT) and MULTC forms
the product of PHIT and the previously stored (accumulated) chain parameter
matrix of the right pigtail section, PHIR, and stores in array TPHI. Cards
623-625 store TPHI in array PHIR. Array PHIR thus is a "running" accumulation
of products of the chain parameter matrices of these individual sections of

the right pigtails. Cards 626-627 subtract the length of the present pigtail

section, LMINR, from each of the right pigtail section lengths and redefines
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them in array LPT. The code returns to statement 117 {(card 577) and continues
again through this section unless there are no nonzero pigtail section lengths
for this pass. Card 581 checks for this condition and when no nonzero pigtail
section lengths remain, the code goes to statement 132 (card 630) and begins
processing the left pigtail sections in an identical manner. At this point
the overall chain parameter matrix of the entire right pigtail section is
stored in PHIR.

Cards 634-704 process the left pigtail sections in an identical fashion
as for the right pigtail sections and stores the overall chain parameter
matrix in array PHIL.

Cards 705-747 compute the chain parameter matrix for the shielded section
(a section with no pigtails in the interior of the line) and stores it in
TPHI. Card 748 computes the product TPHI * PHIL and stores in PHIT and card
749 then computes PHIR * PHIT = PHIR*TPHI*PHIL and stores in TPHI. At this
stage, TPHI in card 749 contains the overall chain parameter matrix of the
entire line and it remains to incorporate the terminal conditions.,

If the line should contain only unshielded wires, the code bypasses the
above pigtail and shield calculations and computes the chain parameter matrix
directly in cards 751-786 and stores in TPHI.

Cards 788-859 rearrange the overall chain parameter matrix rows and
columns as described in section 2.5. Once this is completed, the terminal
conditions are incorporated into this rearranged chain parameter matrix in
cards 860-909, and equation (2-62) is formed. This is solved in card 910 and

equations (2~61) are formed in cards 911-924, Array EP contains
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from equation (2-62) and array EN contains

¥ (2)
XQ(Z)
from equation (2-61).
Cards 925-962 compute the magnitudes and angles of these terminal

voltages of the unshielded and shielded wires and print the results.

3.2 Function Subprogram LS1

Cards FLS10001~-FLS10014 contain a function subprogram for computing the
per-unit-length self inductances of wires above a ground plane. For a wire of
radius s at a height of Yy above ground, the result is [9,24]

2y

" .
= 3 S

LSy = 5m n (r .) H/m
wi

3.3 Function Subprogram LMl

Cards FLM10001-FLM10017 contain a function subprogram for computing the
per-unit-length mutual inductances between two wires above a ground plane. For
two wires at heights Y and yj and horizontal coordinates z, and zj, the result

is [1,9,24]

u by.y
IML = -2 gn | 1 + —4 | H/nm
27 2
d,
ij

where

d

L}

2 2
i /(yi - yj) + (zi - zj)

3.4 Function Subprogram LS2
Cards FLS20001-FLS20014 contain a function subprogram for computing the

per-unit-length self inductances of wires within an overall, circular,

47

U £ R G it e e

it bdiiiian s

”‘I -

. . ’ .
ettt it Dot

.o
g 4 g aas 4

s
h Y

A A a_a_s__ A



. ,l.. .,‘. o ‘ ."' -

s ey vy iy -
Y VY ETY T
'

.

PPy
M MND
s s
L . .

I

cylindrical shield. For an overall shield of interior radius R and a wire

of radius L located ry from the axis of the shield, the result is [9,24]

uv R -1
LS2 = 7= &n
27

3.5 Function Subprogram LM2

Cards FLM20001-FLM20019 contain a function subprogram for computing the
per-unit-length mutual inductances between wires within an overall, circular,
cylindrical shield. For an overall shield with interior radius R and wires
which are at radii r, and rj from the axis of the shield and separated by

angle Oij’ the result is [9,24]

v r, (rir.)2 + R4 - 2r,r, R2 cos (0, )
IM2 = — 2n (—1) L S| tl H/m
2m B Verd? + % - 2rr.3 cos(o. )
i] ] i ] ij

3.6 Function Subprogram STB

Cards FSTBOOO1-FSTBOO73 contain a function subprogram for computing the
per-unit-length transfer elastances for braided shields which are entires in
§T in equation (2-42), A table of values of this parameter for discrete
values of braid weave angle for angles less than or equal to 45° is given in
(22]. An interpolation routine described in [23] is used to interpolate this

table.

3.7 Function Subprogram LTB

Cards FLTBOOO1-FLTBOO73 is a function subprogram for computing the per-
unit-length transfer inductances for braided shields which are entries in LT
in equation (2-11). A table of values of this parameter for discrete values

of braid weave angle for angles less than or equal to 45° is given in [22].

An interpolation routine described in [23] is used to interpolate this table.
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3.8 Function Subprogram ZWW
Cards FZWWOOO1l-FZWW0027 contain a function subprogram for computing the
per-unit-length self impedances of stranded wires. The per-unit-length self

impedance of one strand is determined, z T and the NST strands are treated

S
as being connected in parallel so that the total per-unit-length self
impedance of the stranded wire is ZWW = zST/NST 2/m. The programmed equations

are described in [1,27]. For a solid cylinder of radius r, and conductivity

g, the skin depth is

1

§ = ————e
/nfuvc

1
= 27 Yof x lO“7

the D-C per-unit-length resistance is

1

DC 2
TCY
w

G/m

and the D-C per-unit-length internal inductance is

=
t
4 Py

DC

7

.5 x 107 H/m

Includi: skin effect, the programmed equations are [1,27]

(D r, <46
r= . Q/m
R H/m
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(I1) § <r < 3¢
w

1 T
r = % (—('5— + 3)rDC Afm

r
w
¢ =[1.15 -~ .15 (6 )] QDC H/m
(111) r, > 35
rw
r =37 Ine Q/m
= 28
g = " QDC H/m
w

The per-unit-length self impedance of each strand of radius r, is

Zgp =T + jwl Q/m

3.9 Function Subprogcam ZDB

Cards FZDB0001-FZDB0023 contain a function subprogram for computing the
per-unit-~length diffusion impedances of braided shields. For a braided shield
having B belts, WPB wires per belt and weave angle 0O, the result is [1]

Y Zrb

ZDB = ng sinh(Zyrb) Q/m

where the braid wires have radius Ty

y = {1+ 31)/8
8§ = 1
anuvo

and e is the per-unit-length D-C resistance of the braid [1]

1
r. . = — Q/m
DC ™ orb2 B WPB cos(Ow)

(A1l braid wires are treated as being connected in parallel.)
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3.10 Function Subprogram ZSB

Cards FZSBOOO1-FZSB0029 contain a function subprogram for computing the

per-unit-length self impedance of a braided shield., The per~unit-length

- - T C T
} 77"”f2jrj.j T

impedance of each isolated braid wire, 2y, 18 computed as described in
section 3.7 and the result is [1]

b

B WPB Cos(@w)

ZSB = /m

3.11 Function Subprogram ZDS

Cards FZDS0001-FZDS0020 contain a function subprogram for computing the
per—unit-length diffusion impedances of solid shields. The shield is treated

as a thin-walled (relative to the shield radius) cylinder and the equations

[ are [17}

Y ts

ZDs = IDc sinh (yts)

Q/m

where the shield is of conductivity o, interior radius L thickness tg and

1

oc T T ot Q2r +t) @/m
S S s
5=7==;?-—1%b-=-
1JV
Yy = (1+j1)/$

3.12 Function Subprogram ZSS

Cards FZSS0001-FZS5S0024 contain a function subprogram for computing the
per-unit-length self impedances of solid shields. The shield is, as in ZDS,

treated as a thin-walled cylinder and the equations are described in [27]:

Z8S = r + jws Q/m
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where the shield has conductivity o, interior radius ry and thickness t:

r zts 2ts
1 Sinh(-*é*-) + Sin(—~6— )
= éwrsoé 2tS ‘ffé J Q/m
cosh(*g*) - cos(ir )
- 2t 2t T
1 Sinh(""s"‘) - Sin(T)
wi= 2nr506 2t:S 2ts o/m
cosh(—g—) - cos(~g—).

and § is the skin depth.

3.13 Subroutine MULTC

Cards SMULOOO1-SMULOO17 contain a subroutine for multiplying two complex

matrices B and C as
A=BC

[

is of dimension NL x NR,

is of dimension NL x NM, and

¢ =

is of dimension NM x NR.

[N @]

3.14 Subroutine SCAP

Cards SCAPO001-SCAP0024 contain a subroutine for computing a portion of
the per-unit-length elastance matrix, S, described in section 2.1. The
routine computes equation (2-42) for only the system of U unshielded wires and

S shields, that is, S without submatrices §

Sq and ?IND Those submatrices are

added to this S in subroutine ADMADD. The matrix to be computed is

v 1S S S ~ ] —gw T
—w wWwW WS ,Wp ww

v |est s.o || a
—s,p| | -ws,wp Css,pp Ssw,pw 'P
Vv St. S ~ A San A
—w | Llww LSW,pW Swwo ] ng J

Here w denotes unshielded wires, s denotes shields, p denotes pigtail wires
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and w denotes shielded wires. First the per-unit-length elastance matrix is

~

“ computed from the per-unit-length inductance matrix L as
S

Then a check is made using array KEY to determine if, in fact, a shield is
actually present over this section rather than a pigtail wire. If so, those

entries in S;; need to be changed to the corresponding ones in $ s

a
~88,pp

indicated in equation (2-42). Entries in Sw& and S ~ ~ are already computed

-~ ~ 9

correctly in L by subroutine INDUCT.

3.15 Subroutine INDUCT

Cards SINDOOO1-SINDO169 contain a subroutine for computing the per-unit-

length inductance matrix L given in equation (2-14) - (2-17):

3 1, L L »

3 Jww WS, wp ww

% L = t L L~ =«

i N ~WS,wp 2s8,pp Zsw,pw

|

: LS LS . L J
| v Jsw,pw ww

subscripts w, p, s, w have the same meaning here as in the previous section.
If over this section, no shields are involved, i.e., each shield is in fact a
pigtail wire, then L is computed in a straightforward fashion as that of a
system of U unshielded wires, S shielded wires and S pigtail wires, If, over
this section, a shield is present (determined by array KEY), then appropriate
entries in L - are equal to the corresponding entries in L since the

“ww WS, wWp
mutual inductance between an unshielded wire and a shielded wire is the same as

the mutual inductance between the unshielded wire and that shield [1].

Similarly, certain entries in L - pw are equal to the corresponding entries in
~ ’
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Lss op since the mutual inductance between a shield and its shielded wire is
~ ’

the same as the self inductance of that shield [1].

- 3.16 Subroutine PHI

Cards SPHIO001-SPHIO054 contain a subroutine for computing the chain

parameter matrix of a section of line as described in section 2.3. To save

array space several dummy arrays are used temporarily and written over.

3.17 Subroutine ADMADD

Cards SADMO0O1-SADMOO030 contain a subroutine for adding ST and SIVD to i.LJ
~ ~ 40

the S matrix generated by subroutine SCAP to yield the per-unit-length

elastance matrix S in equation (2-42), L

L 3.18 Subroutine IMPADD

Cards SIMP00O01-SIMP0OO39 contain a subroutine to add the self impedances, . f
diffusion impedances and transfer inductances (%S, ?d’ %T) to the per-unit- l{:
length impedance matrix to yield Z in equation (2-11). The self impedances {5;
of the shielded wires, %&, are also added "

q
b

PO Ve
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IV. User's Manual

In this section we will provide a user's manual showing the format and
description of the required input data., The program requires that the input
data groups be organized as shown in Table 1 where the number of unshielded
wires is U and the number of shielded cables is S. These card groups must
follow the main program, function subprograms and subroutines in the order
shown in Table L. The data entries on the cards are either in Integer (1)
format, e.g., 35, or in Exponential (E) format, e.g., 12.6E-3. All data
entries must be right-justified in the assigned card column block. These data

entries are printed out by the program. It is highly recommended that the

user check this printout of input data to insure that the input data are as

intended.

In the main program, the user must appropriately dimension all arrays for
each problem. Comment cards are provided at the beginning of the main program
to assist the user in providing proper dimensions,

Program SHIELD considers a transmission line consisting of U unshielded
wires and S shielded cables and an associated reference conductor. The
reference conductor type is determined by:

TYPE

1: The reference conductor is a ground plane.

TYPE

2: The reference conductor is an overall, circular,
cylindrical shield.

Cross-sectional views of these two structures are shown in Fig., 4-1 and Fig,

4-2,

4.1 Transmission Line Characterization Cards, Group I

The purpose of this group is to define the type of reference conductor,

the total line length, the number of unshielded wires and the number of
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TABLE 1

Card Group Organization Data

(Note: the card groups must be arranged in the following order.

Card Group Table
1) Line Characterization I 2
2) Unshielded Wires (Omit if no unshielded wires)
Wire 1 I1 3
Wire 2 11 3
! ! :
l ' :
Wire U II 3
3) Shielded Cables (Omit if no shielded cables)
ITI(a) 4
Cable 1 I11(b) 5
II1(c) 6
1II(a) 4
Cable 2 III(b) 5
1 I11(c) 6
\ t
1
. }
' III(a) 4
Cable S I1I(b) 5
II1(c) 6
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TABLE 1 (Cont'd)

4) Terminal Constraints

(a) Unshielded Wires (Omit if no unshielded wires)

Wire 1

Wire 2

Wire U

(b) Shielded Cables (Omit if no shielded cables)

Cable 1

Cable 2

'
Cable S

(c) Mutual Admittances

(See Table 9 for order information)

5) Frequency and Reference Conductor Impedance

frequency 1

frequency 2
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Card Group Table
IV(a) 7
IV(a) 7

]

i

l
IV(a) 7
IV(b) 8
1V (b) 8

!

\

i
IV(b) 8
IV(c) 9
v 10
\Y 10
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The TYPE 1 structure.

Figure 4-1,
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- shielded wires. In addition, if the reference conductor is an overall, o ]
j circular, cylindrical shield (TYPE 2) as shown in Fig. 4-2, then the interior
radius of this shield, RS is defined.

The format of these cards and their order is shown in Table 2.

. 4.2 Unshielded Wire Characteristics Cards, Group II

Y ‘
The purpose of this card group is to define the relative positions and y
the characteristics of the U unshielded wires. The format and order of these |
.! cards is shown in Table 3. "9 R
‘ 4.3 Shielded Cable Characteristics Cards, Group III(a) 1
The purpose of these cards is to define the relative positions and the ::J
C
R’ characteristics of the shielded cable shields and the characteristics of their 264
[b shielded wires. The format and ordering of these cards is given in Table 4. : ?
", 4.4 Pigtail Wire Characteristics Cards, Groups III(b) and I11I(c)
The purpose of these groups is to define the relative locations and the .“.'4
o4
L’: characteristics of the pigtail wires. The cards for the pigtails at the left 8
. Lo
E (x = 0) end are Group III(b), and their format and ordering are given in i
i Table 5. The similar cards for the pigtails at the right (x =Z) end are !1{
t‘; Group III(c) and are described in Table 6. _:
F‘ The angular positions of the pigtail wires are measured in the counter-
‘L-' clockwise direction when looking from x=0 towards x= Z. !:
E»' 4.5 The Terminal Characteristics Cards, Group IV .
E‘ The general structure of the terminal networks is illustrated in Fig. 2-5.

E’ At x=0 and x=z an admittance in parallel with a current source is connected )

between each unshielded wire and the reference conductor and between each
shielded wire and the reference conductor, Card Group IV(a) (Table 7) defines

these for the unshielded wires, and Card Group IV(b) (Table 8) defines these
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TABLE 2 §
Format of the Line Characterization Cards, Group I —6—4
o
Card Column Format f*;ll
S
Card #1
JE—
TYPE (1,2) 1 I e
Card {#2 .
‘i (total line length in meters) 1-10 E -;‘-i
4
Card #3
U (number of unshielded wires) 1-2 I
-. '_1
_—
: Card #4 SR
S (number of shielded cables) 1-2 I :'Tl?
o e
Card #5 (Omit if TYPE=l) R
R (interior radius of overall shield 11-20 E -,~:;
for TYPE 2 structures in meters) E j:f
@ ]
S
3 .;1
]
)
®
- ,]
]
. ]
I
61 R
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TABLE 3 ,
;1 Format of the Unshielded Wire Characteristics Cards, Group II -]i—i
4

(Omit if no unshielded wires)

Card Column Format
! Card #1
:! (a) Wy (wire number) 1-2 I
E TYPE=1:
é; (b) Yo (height of wire above ground in meters) 11-20 E
E (c) zwi (horizontal coordinate of wire in meters) 31-40 E
t TYPE=2:
& ) R.; (radial distance of wire from axis of 11-20 E 'Lf
Tf overall shield in meters) jf
2_ (c) Owi (angular position of wires in degrees) 31-40 éi?
rj Card #2 1
: (a) roi (radius of wire in mils) 11-20 E i_%
(b) (number of strands) 34-35 I >i
(¢) (radius of strands in mils) 51-60 E !.j
(d) (conductivity of strands relative to copper) 71-80 E :.i
4
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Format of the Shielded Cable Characteristics Cards, Group III(a)

o m T T

TABLE 4

Card #1
(a)
(®b)

(c)
(d)

()

(d)

Card f2
(a)
(b)
(c)
(d)
(e)
(£)

Card #3

(Omit if no shielded cables)

Card Column

sy (shielded cable number)

(shield type: 1(solid), 2(braided))

TYPE=1:

Ysi (height of shield above ground in meters)
ZSi (horizontal coordinate of shield in meters)
TYPE=2:

Rsi (radial distance of shield from axis of
overall shield in meters)

Osi (angular position of shield in degrees)

L (interior radius of shield in meters)
€ (relative permittivity of dielectric)
o (radius of shielded wire in mils)
(number of strands in shielded wire)

(radius of strands in shielded wire in mils)

(conductivity of shielded wire strands

relative to copper)

Solid Shields:

(a)

tsi (shield thickness in mils)
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1-2

10

21-30

41-50

21-30

41-50

11-20

21-30

31-40

55-56

61-70

71-80

11-20

N LT e
PPN TP YOPRY B W )

3
Py

@

ls'




X oroR R TR T TR R T L T AT s e e e 7,

. A
TABLE 4 (Continued)
Card_Column Format o
S
Card #3 (Cont'd) ] .
(b) (conductivity of shield relative to copper) 21-30 E iy
Braided Shields:
——d]
(a) (radius of braid wires in mils) 11-20 E 4
(b) (conductivity of braid wires relative to copper) 21-30 E - '_'.
]
(c) (weave angle of braid in degrees) 31-40 E RS
.
(d) (number of belts in braid) 44-45 I @ 1
(e} (number of wires per belt) 54-55 I
® 1
5 .".‘
.4
S e
- -.‘ iv.:
_
b
: o
F
E i :
4 -4
g.,. _
2
. .
p* 9
l‘. -
g :
64 y
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- Card #1
; i (a)
.! (b)

(c)

card #2
(a)
(b)
(c)
(d)

NEACACRA TG o ot

TABLE 5

Format of Pigtail Wire Characteristics Cards for

Pigtail Wires at Left (x=0) End, Group III(b)

(Omit if no shielded cables)

Card Column Format

;tpi (length of pigtail wire in meters) 11-20 E
rpi (radial separation of pigtail wire 21-30 E

from axis of shielded cable in meters)
Opi (angular position of pigtail wire in 31-40 E

degrees when looking from x=0 towards

x=2)
rwpi (radius of pigtail wire in mils) 11-20 E
(number of strands in pigtail wire) 24-25 I
(radius of strands in pigtail wire in mils) 31-40 E
(conductivity of pigtail wire strands 41-50 E

relative to copper)

Note: The pigtail wires may be of zero

other parameters must be nonzero.

SN
A
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TABLE 6

Format of Pigtail Wire Characteristics Cards for

Pigtail Wires at Right (x=3f) End, Group III(c)

(Omit if no shielded cables)

Same as for Group III(b)
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‘]
IABLE 7

Format of Terminal Characteristics Cards, Group IV -—.———4

Self Terms for Unshielded Wires, Group IV(a) _—

(Omit if no unshielded wires) :f:'_ ]

Card Column Format —.—-*

!

Card #1 o
r o

(@) Isos (current source between ]
real part 1-10 E e

unshielded wire and @ )

reference conductor at ) ;:'.,:

imaginary part 11-20 E -]

x=0 in amps) L i

- 4

(b) Yoii (admittance between ( @ -
real part 21-30 E B

unshielded wire and L

< ':_-"1

reference conductor at :'__i

imaginary part 31-40 E 'H;-';.';]
x=0 in Siemens) L @ ]

4 ]

(c) IsIi (current source S
between unshielded real part 41-50 E :,j":ft‘*
wire and reference 1 3‘3

conductor at x=f in imaginary part 51-60 E S

S

amps) ‘L,

. ;"... 4

(d) Y.f ii (admittance between ( @
unshielded wire and real part 61-70 E 3

reference conductor :'.f""f ]

imaginary part 71-80 E ]

at x= z in Siemens) L ;'. ‘1

1
+
4
T MJ



Card #1

(a)

(b)

()

(d)

Card #2

(a)

(b)

TABLE 8

Format of Terminal Characteristics Cards, Group IV

ISoi

Yoii

sfi

IGNDL (grounding code for left end: 1 =

IGNDR (grounding code for right end:

Self Terms for Shielded Wires,

Group IV(b)

(Omit if no shielded cables)

(current source between

shielded wire and

reference conductor at

x=0 in amps)
(admittance between
shielded wire and
reference conductor
at x=0 in Siemens)
(current source be-

tween shielded wire

and reference conduc-

tor at x=f in amps)

(admittance between
shielded wire and
reference conductor

at x= z in §'i’emens)

68

real part

imaginary part
-

r

real part

imaginary part

3

.

real part

)

‘ imaginary part

.

real part

4

?

‘ imaginary part

short
2 = open )

—
I

= short
= open )

N
|

Card Column

1-10

11-20

21-30

31-40

41-50

51-60

61-70

71-80

10

40

S

. ._:“

Format ........L.;
E ]
f.—‘-i

o]

E N
E '”T
E i
b

E ]

Y S S )
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; TABLE 9 1
3 Format of Terminal Characteristics Cards, Group IV o
o
S Mutual Admittances Group IV(c) g
f'-'_f Card Column Format
! Card #1 o
» (a) YOij (admittance between ( S
4 . .
L _ o
> conductor i and con- 4 real part 21-30 E S
e . . TS
E ductor j at x=0) imaginary part 31-40 E ~o 1
. - -
Y N .
3 (b) Yi i1 (admittance between ( C
[ real part 61-70 E R
4 conductor i and con- C
v ’ imaginary part 71-80 E
!’ ductor j at x=1) ‘; i B
Note: Cards must be arranged in order (w denotes unshieded wire and .
s denotes shielded wire) so as to fill the portion of the ]
following matrix above the main diagonal by rows: -*-;6«-'1
wl w2 w3 -—- - wlU 8l §2 ————m—mmmmm—————— sS R
o~ 1 ," -
® 06 —> ® oy
wl e
@ »:»‘.w.-ﬂ
w2 @ . 4
.
| | N
\ '
| ]
wU ! @
l - ,.._1
sl | .
I o
s2 ' .
|
i
. ®
|
. ®
sS ~ J
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TABLE 9 (Continued)

Al - *

Thus the cards are arranged sequentially in the order of the admittance

connected between

wl —~& w2, w3, -—--- , wU, sl, 82, -——--, s§
w2 —e w3, wh, ———-- , wU, sl, s2, —--—- , sS
]
[}
(]
[}

w(U-1)—e wU, sl, s2, ---, s§

-

wU — sl, 82, ——=e- ,» SS
i -
sl -—& 52, 83, ~———- , SS 1
'
] . j
s(5-2) —= s(S-1), sS =
’ 4
s(S-1) —s= sS ':
A total of é‘-:';
o4
2 .
cards are in this group
b
- g
.
o y
- 4
[ ;
e
- B
- 1
= 1
r' 1
£ b
i“. - ]
o 70
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TABLE 10

Format of the Frequency and Reference Conductor Impedance ®

(Per-Unit-Length) Cards, Group V

Card column Format ‘

Card #1 "o

:iA F (frequency in Hz) 1-10 E ?
E: Card #2 gi'_%
:‘ z, (reference conductor impedance [ real part 1-10 E ;-C j
iz per unit length in ohms/meter) ( imaginary part  11-20 E :

Note: Group V may be repeated at the end of the input deck in order

for the program to analyze the structure for more than omne

LAl
.
®
o Y re v ;.A_A‘

frequency without having to redefine the previous structure and

terminal data for each new frequency. However the previous
e
r data Groups I, II, III, IV are assumed to apply to all these ©

frequencies.
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for the shielded wires., The current sources at x=0 and x=jf are directed
from the reference conductor to the end of the wire. In addition, the
grounding of the shields at x=0 and x=,2 are defined in Card Gro' p IV(b)
(Table 8). Each shield is connected via a pigtail wire (which may be of
zero length) to the reference conductor by either a short circuit or an open
circuit,

A mutual admittance (which may be zero, i.e., absent) is connected
between the ends of all pairs of these wires. The format and ordering of
these cards in Group IV(c) is given in Table 9. The user must be careful to
adhere to the ordering of these cards as described in Table 9, The ordering
scheme is very simple. First describe the admittances connecting unshielded
wire #1 and all other wires sequentially in the order unshielded wires first
and then the shielded wires. Next describe the admittances connecting un-
shielded wire #2 and all other wires sequentially in the order unshielded

wires first and then the shielded wires., Continue in this fashion until the

admittances connecting the last unshielded wire, wire #U, and all other wires

(in this case only the shielded wires) have been described. Then describe the

admittances connecting the first shielded wire and the remaining shielded wirces,

sequentially. Then describe the admittances connecting the second shielded wire

and the remaining shielded wires, sequentially. Continue until the admittance

connecting the next to last shielded wire (S-1) and the last shielded wire (S)

is described and the process is complete, The total number of cards in this

group is
(U+s),_(U+s-1)
2
I[f the wires are numbered 1, 2, ---, U and the shielded wires are re-
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numbered U+1, U+2, ---, U+S, then the ordering is

Y —
12 '

'Hv R T .
. e

Y13

t
[ ] .
\

b
[
LI
5

A g ek Lk kA L o

s

Yl (U+S) ‘ 4

Ya3

Y(-1) (U+s)

Yy (u+1) ]

i -
] ,.
! -

Yo (u+s)

Y(u+l) (U+2) N
\ - @
' f
| 3 :
Y(u+1) (U+S) I
) .r
' °

Y(U+s-1) (U+8) i

.:
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4.6 The Frequency and Reference Conductor Impedance Cards, Group V

The final card group defines (1) the frequency for the analysis and (2)
the per-unit-length impedance of the reference conductor at this frequency.
This card group may be repeated at the end of the deck so that the program
will analyze the structure at more than one frequency without the need to re-
peat the previous line and termination characterization groups. The program
will process the data in Groups I, II, III and IV and compute the terminal
voltages at the frequency on the first frequency card it encounters., It will
then recompute the line response at each frequency on the remaining frequency
cards (and use the reference conductor impedauce on the following card). The
program assumes that the data on card groups I, II, III, IV are to be used for
all the remaining frequencies. If this is not intended by the user, in
particular if the terminal characterizations are frequency dependent, then one
may only run the program for one frequency. This feature, however, can be
quite useful., If the termination networks are purely resistive, i.e., fre-
quency independent over the frequency range of interest, then one¢ may use as
many repetitions of this group as desired and the program will compute the
terminal responses at each frequency without the necessity for the user to
input the data in Groups I, II, III, IV for each frequency.

4.7 Range of the Values of the Input Data

The only restrictions on the values of the input data are that only
certain input parameters can be input as zero values. These are:
(1) NU (the number of unshielded wires)
or
NS (the number of shielded wires)

(Note: if NU=0 or NS=0 certain arrays must be dimeunsioned of

74

o O R R

————

L]
-

P

W

aaho A

e e [ d
1‘_‘-_‘_@_‘



L e ot 4

size 1 not size 0. See cards SHLDOO85 and SHLD0097.)

“ (2) Y ., or 2 . and 0 ., in Table 3. (Note: No two wire locations ®
- Wl — w1l w1l P

may be the same, i.e., (Y "Zwi) and ij,ij) or (Rw

wi ’Owi) and L

i “
(ij,owj).

(3) Y .orZ ., and O ., in Table 4. (Note: No two shield locations
si — Tsi si

™~ -ﬁrv-" v
1
@
B

may be the same. i.e., (Ysi’zsi) and (Ysj’zsj) or (Rsi’esi) and

:Z (st ’Osj )
f‘ (4) z pi (The pigtail lengths for left or right or both pigtails. '“. ':
t See Table 5 and Table 6). ?
4 (5) Qpi (The angular positions of the pigtail wires. See Tables 5 S
and Table 6.) "1
(6) Any of the terminal current source or admittance values. (see :
Table 7, Table 8 and Table 9.) ,
) Zg (The reference conductor impedance at a frequency. 1‘ :
See Table 10.) R
All of the other data entries should be nonzero (and represent realistic .
values). , S ‘
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V. Program Checkout

In order to check the proper functioning of the program, several examples
were run, Examples consisting of 2 unshielded wires and no shic¢lded wires
were run for TYPE 1 and TYPE 2 structures. The outputs of SHIELD were com-
pared to those of program XTALK2 described in [27] and were found to be
identical as they should be since ATALK2 performs the same calculations for
unshielded wires as does SHIELD. SHIELD was also run for 2 shielded wires
each having 8cm pigtail sections on both ends and separated by 1.5cm and 1l.5cm
above ground. These data were measured experimentally and reported in [1].
In addition a computer program was written for [1} in a "brute force" manner
to show predictions of these experimental data. Those predictions are
reported in [l1]). SHIELD was run for this configuration and the predictions
compared favorably with the experimental data in [1] and compared almost
exactly with predictions given in [1] by the "brute force" program.

As an integrated test, we performed an experiment to illustrate the pre-
diction accuracies of SHIELD., The experimental configuration is shown in
Fig. 5-1. Photographs of the experimental setup are given in Fig. 5-2. The
unshielded wires are #22 gauge stranded (radius = 15 mils) with 7 strands of
#30 gauge wire (radius = 5 mils). The insulation is pvc (neglected by the
program). The shielded cables are identical to those used in [l]., They are
braided with inner shield radius of 35 mils = 8.89E-4 m and an inner, shielded
wire which is #22 gauge (radius = 15 mils) composed of 7 strands of #30
gauge wire (radius = 5 mils). The inner dielectric is teflon with e, = 2.1.
The braid wires have radii of 2.5 mils, and the braid consists of 16 belts
with 4 wires per belt and a weave angle of 30 degrees. The pigtail wires are

#20 gauge (radius = 16 mils) solid bare copper wires. A listing of the input

76

5

‘9. .

A s id

Aand Ara A

«




)

1
i

~r

TV

=

- 12'=3.6576m

ul
ol 0 {
— b— 3cm r—

ul

sl
@
500 {

s

J

s3 ——8cm —=| =

Ik

¢
Ik
= =.=‘—-ch—-||

(a)

Figure 5-1. The experimental configuration,
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Figure 5-2,

Photographs of the experimental sctup.
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Figure 5-2 (Cont'd)... Puotographs of the experimental setup.

80

[ 5¢ 4
SR PPUDS SRS ST

i f
PRI
aa 2 aa'a 4 o

b




T
R A
v '
y v
¢ .

o
'

AN} .
,‘. . "'v‘." ", ',’“,""

e e TrTen ey

4

-

‘

Bt b, REAECLRAE S s o
i

u‘:'.":"

AR AL o Sl A gt

data is given in Fig. 5-3. A sample printout of some of the results for
100kHz -+ 900kHz is given in Fig. 5-4.

The unshielded wires, shielded cables and shielded wires are numbered in
Fig. 5-1 as ul, u2, sl, s2, s3, Ql, w2, w3. 1In the experiment, an oscillator
was attached to the right end of the second unshielded wire (u2), and the
voltage of the oscillator was increased until the input voltage to that line
was 1 volt. Then the voltages coupled to the other ends of the other wires
ul, &l, w2, w3 were measured resulting in voltage transfer ratios. A zero
source impedance source is not allowed in the SHIELD input data. Thus to
simulate this situation, the source at the right end of the second unshielded
wire is 50V with source resistance of 50Q or, equivalently, a 1A source in
parallel with a resistance of 50Q (2.0E-2 Siemens admittance). (See the list-
ing in Fig. 5-3.) Once SHIELD was run for this configuration, the voltage
transfer ratios corresponding to the experimental data are obtained by
dividing the voltages at the ends of each line by the voltage at the right end
of the second unshielded wire.

The voltage transfer ratios (magnitude and angle) predicted by SHIELD and
experimentally measured at the right end (x =,t) of each line are shown in
Fig. 5-5 through Fig. 5-8. Fig. 5-5(a) and Fig. 5-5(b) show the magnitude and
angle, respectively, of the measured voltage at the right end of the first

unshielded wire, V ., versus the predicted voltage transfer ratio of SHIELD:

ul

V(D
sz(i)

The predictions are quite good and well within 1dB below 10 MHz. Above 10 MHz

the line is becoming electrically long, and, consequently, rapid variations

in both the magnitude and the phase of the voltage transfer ratio are observed.
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Nevertheless, the program predicts these results rather well.
A similar comparison of the voltage transfer ratio to the right end of
the first shielded wire, Vsl’ and the predictions of SHIELD,
Vo, (&)
T, @)
are shown in Fig. 5-6. Note that above 1 MHz, the coupling which had become
"flat" for lower frequencies tends to rise. This is a result of the coupling
via the two 3cm pigtail sections dominating the coupling to the (much longer)
shielded section as is explained in [1,2]. SHIELD predicts these results
rather well.
The comparison of the voltage transfer ratio to the right end of the
second shielded wire, VSZ’ and the predictions of SHIELD,
Vi (4
Vw2( t)

are shown in Fig. 5-7. Here the left pigtail (3cm) is grounded but the right
pigtail (zero length) is open. The predictions of SHIELD are again quite
accurate. The comparison of the voltage transfer ratio to the right end of
the third shielded wire, Vs3’ and the predictions of SHIELD,

V§3(i)

Vw2(1)
are shown in Fig. 5-8 and are quite good. For this shield, the left pigtail
(8cm) is ungrounded (open) and the right pigtail (8cm) is grounded (short).
Note that even though the left pigtail wire is ungrounded, the program
assumes the pigtail wire is present.

Note that for the unshielded wire in Fig., 5-5(a), there is a slight
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change in the response from a 20dB/decade (linear with frequency) response
between 3 kHz and 10 kHz. Prior to this experiment the author has observed
the coupling to similar unshielded wires to decrease uniformly at 20 dB/decade
at the lower frequencies where the line is electrically very short. This
observed behavior is, as yet, unexplainable in simple terms but SHIELD
predicts this result very accurately.

This experiment tends to confirm that the SHIELD program (1) is working
as intended and has no major programming errors, and (2) provides realistic
predictions of crosstalk for shielded cables., The user is cautioned, however,
that if the cross-sectional dimensions (wire spacing and height above ground)
are not (1) known and/or (2) controlled such as occur in many types of wiring
harnesses (which we refer to as random bundles) then the SHIELD program
cannot be expected to provide adequate predictions [28]. However, in con-
trolled characteristic cables such as the flatpack type, accurate predictions
are achievable. Controlled characteristic flatpack type cables are presently
being marketed which contain shielded cables, twisted pairs, etc., For these

types of cables, the SHIELD program can be expected to provide accurate

predictions.
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VI. Summary ]
This report contains the description and verification of a digital ,,a
computer program, SHIELD, to be used in the prediction of crosstalk in trans-
mission lines consisting of U unshielded wires and/or S shielded cables. The 2
——
line may be above a ground plane (TYPE 1) or within an overall, circular, L4 1
v.J
cylindrical shield (TYPE 2). Each shielded cable consists of a circular, ]
_‘J
cylindrical shield which may be solid or braided and a wire (the shielded '-{
wire) located concentrically on the axis of the shield. All wires may be ® T
stranded and all conductors are treated as imperfect conductors; that is,
their per-unit-length impedances are nonzero. Through-braid coupling for
braided shields as well as diffusion for both types are included in . }
the model. The shielded cables may have exposed sections at either end ]
(pigtail sections) in which the shielded wire is not covered by the shield. 3
PR |
Over these pigtail sections, a pigtail wire, parallel to the shielded wire, ,". '1
connects the shield to the reference conductor at that end via either a 1
short circuit or an open circuit. These pigtail sections are included in o 1
the representation to simulate the common practice of terminating a shielded o 4 1

cable in a connector via these pigtail wires,

The multiconductor transmission line equations are solved for sinusoidal,
steady-state excitation of the line, The terminal networks at the two ends . 1
of the line are modeled by a generalized Norton equivalent representation in )  ;
which a current source and an admittance are connected between the reference
conductor and the ends of the U unshielded wires and S shielded wires. An -
admittance is connected between the ends of each pair of these U+S wires. Any

of these admittances may be abseunt, i.e., set equal to zero.

PO PP P |

The program is rather expensive to run. For example when implemented on W
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an IBM 370/165 digital computer using the WATFIV compiler, the program
required 3.82 sec. compilation time and 84,35 sec. execution time to compute
the response at 11 frequencies for the example in Section V con:isting of 2
unshielded wires and 3 braided-shield cables. This represents an approximate
per-frequency computation time of 8 sec. The required storage for this
problem was 115192 bytes for the object deck and 32400 bytes for the arrays.

One reason for this rather lengthy run time is a result of the decision
to include the capability for modeling pigtails. The program divides the
overall line into cross-sectionally uniform sections. Then the chain para-
meter matrices for each of these uniform sections of line are determined and
the overall chain parameter matrix of the line is determined as the product
(in the appropriate order) of these chain parameter matrices of the individual,
uniform sections. For a line consisting of U unshielded wires and S shielded
cables, each chain parameter matrix is 2(U+2S) x 2(U+2S). For the example in
section V consisting of 2 unshielded wires and 3 shielded cables, each chain
parameter matrix was 16 x 16, Thus for a line consisting of N sections we
must, at the least, multiply N such matrices together. Once the overall chain
parameter matrix of the entire line is determined in this fashion we must in-
corporate the terminal conditions which requires several matrix multiplications
and the solution of 2(U+S) simultaneous, complex equations. This process must
be repeated for each frequency.

Not only must these chain parameter matrices for each section be multi-
plied together but they must be computed. In determining these chain parameter
matrices of each section we must compute the eigenvalues and eigenvectors of
a (U+2S8) complex matrix. This is a result of the need to comsider all con-

ductors as being imperfect. If we had assumed all conductors as being
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perfect conductors, the eigenvectors and eigenvalues would not need to be

computed. But if the finite conductivity of the shields are not considered,
i.e., the shields are considered as perfect conductors, no coupling would
occur to the interior shielded wires for solid shields - clearly an unrealistic
result. For braided shields, eonly through-braid coupling would occur but this
is almost insignificant for many typical cables. 1In other situations one can
assume perfect conductors. For shielded cables, one cannot if one wishes to
obtain predictions approaching any degree of realism. Once the decision to
include shield conductivity is made we may as well include the finite con-
ductivity of all other conductors - very little additional processing is
required.

Consequently, even though the program consumes quite a bit of computation
time the processing time probably cannot be reduced substantially and still
have the program handle all the intended functions and structures that it now
handles,

The program (the single precision version) should be easily implementable
on other machines since it is written in standard Fortran IV language. For
lines with known and controlled, uniform cross sections, the program provides
accurate predictions. For nonuniform or random type cable bundles such as
many typical wire harnesses where the relative wire positions are unknown and
uncontrolled along the cable length, one cannot necessarily expect the program

to provide accurate predictions.
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ERCGEAM SHIELLD
(FORTRAN TV, DGUBLE PRECISINN)
WPITT=N BY
CLAYTCN R, PAUL
DEPAKTMENT OF ELECTRICAL ENSGINFRRING
UNIVERSITY OF XONTUCKY
LEXINGTON, KENTUCKY 40506

A DIGITAL COMPUTER PROGFAM TC COFENTE THE TERMTNAY VCLTAGES OF
A MUITICCNDUCTCR TRANSYISSICN LINE WHICH MAY CON3IST OF
UNSHIELDED WIRES AND SHIELODED WIRES. THE SHIELDZD WIRES

MAY HAVE PIGTATL SECTICNS AND THE PIGTAIL SFCTICYE LENGTHS

NEED NOT UBE THF SAME.

THE CISTRIBUTFC PARAMETER, MULTICCNDUCTICR THKANSAISSICY LINE
ECUATICNS ARE SCLVED FCR STEADY-STATE, SINUSOIDAL EXCITATION
OF THE LINE.

THE LINE CONSISTS CF NU UNSHIELDEL WIRES AND NS SHIELUED WIRSS,
TFE WIRFS MAY EE ABOVE A GRCUND PLANE OR WITHIN AN OVERALL,
CIRCULAR, CYLINDRICAL SHIELD. THE IMEEDANCES CF ALL CrNDUCTORS
ARE INCCRPORATED INTC THE MODEL. THE SHIELDED WIRES YaY HAVE
SCLID OR BRATICED SHIELDS, THROUGH BRAID COUPLING FOR BRAIDFD
SHIFLDS IS INCORPORATEL INTO THE MQDEL.

FUNCTION SUBPROGRAMS USED (AND SUPPLIED):
151,L81,L52,Lm2,51B,L18,2WW,2DE,258,2DS,2SS

SUBROUTINES USED (AND SUPPLIED):
MULTC,SCAP, INDUCT ,PHI,ADMACD,IMPADL

SUBROUTINES FRCM THEZ IMNSL FACKAGE USED:
LEQT1C,EIGCC

IMPLICIT REAL%8 (A-il,0-2)
REAL*8 L,M7,MUO2FI,MUO4PI,LMAXR,LMINF,LMAXL, LMINL,L5Y,L%1,L52,

1LM2,LTRAN,LTS,LTR,LTL,LSHLD,IOR,TOI,ILR,ILT

CCMPLEX*16 2ZG,JOMEGA ,ONEC,ZEROC,SUMC,SUMC1,50MC2,XJ ,ZWW,

¥zss,2ps,2SB,ZDE,ZSELF,ZCIF,VWL,VAR,VSWL,VSWR

CHREER S AR S FE R XESEE R R EEN R R R AR RX RLAREXR R RS VA KRR XSS AR R0 R AR RREEKC

C
C
C
C
C
C
C
C
C
C
c
C
C

SEKSIE R A SRR AR PR SR EREERR AR VR GEEAREE RIS LRI ERE R EREBEREE VAR E RS

THUPS=2% (NU#NS)

C

C

THE FOLLOWING MATRICES AND VECTORS SHOULD HAVE THE Cc
TNDICATED DIMENSIONS WHERE C
NU=NUMEER OF UNSHIELDED WIRES C

NS=NUMBER OF SHIELDED WIRES C

NUPS=NUeNS C
NT=NU+NS+NS=TOTAL NUMEBER OF CONDUCTCRS (o4

TNT=2%NT C

C

c

C

C

INTEGER TNT,TNUBS

CEIEMSE IR ANERRAA SR RRREEERRBE P A BB REE B EOSE AN R LR ERARE R AR O S ISR NN

C
o
C

C
IND (NT,NT) ,S(NT,NT) ,WK (2*NT (NT+1)) C
C
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SHLD0D02
SHLDO0003
SHLDCONUY
3HLDO0OS
SHLN000G
SHLDOOO7
SHLD0O008
SHLD00O9
SHLD0910
SHLDIO 1N
SHLDOO 12
SHLDGC013
SHLDOO 14
SHLD0O 15
SHLD0016
SHLDOO17
ShLD0013
SHLDOO19
SHLD0020
SHLD00O21
SHLDON22
SHLDOO023
SHLDOO2u
SHLDO0N25
SHLDOO 26
SHLD0O027
SHLDNO023
SHLDOU29
SHLDOO30
SHLDCA31
SHLD0O32
SHLDO0J33
SHLDOO34
SHLDOO35
SHLDOOU 36

SRR AR RBPXA AR R KR ERAKER AR S BERAB AR RS SRR EBS RN RN AR R LSRN R X020 SHLDO037

SHLDOO38
SHLDOV 39
SHLDOJ4O
SHLDOOU
SHLDOOU2
SHLDO0J43
SHLDOOUY
SdLD0O04S
SHLDOOu6
SHLDOOu47
SHLDOOUSY
SHLDOOU49
SHLD0OOSO
SHLDOOSY
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CES 085020300 RRRREREER LA R SRS EESEC PSP S IR FRELS 20K KN BSRRER

REAL*8 IND( 8, 8),55( 8, 8) ,WK( 144)
CEE6S 5084580525002 EEEEEREESEE RS ESEES SRS EEESRAERESVRER KK

c c
c c
c Z(NT,NT) ,PHIR (TNT,TNT) , WA (NT) ,YZ (NT,NT),T(NT,NT),GAM(NT), C
c A(NT,NT) ,TI(NT,NT),Y(NT,NT) ,YINV (NT,NT),B (NT,NT), c
C PHIT (TNT,TNT) ,C(NT,NT) ,D(NT,NT),EP (NT), c
c EN(NT) ,PHIL (TNT,TNT) ,TBHI (TNT,TNT),IO0(NUPS), IL(NUPS), c
c YO (NUPS,NUPS) ,YL (NUPS, NOPS) C
c c
c c
(I 2RI 2RSSR RS RIS RS RSS2 222 RS2 RR 2 22 2 2% 1o

COMPLEX*16 z{ 8, 8) ,PHIR(16,16) ,NA{ €),YZ( B8, 8),
1T( 8, 8),GAN{ 8) ,A( 8, 8),TI( 8, 8),Y( 8, 8),YINV( 8, 8),
2B( 8, 8),PHIT(16,16) ,C( 8, 8),D( &, 8),EP( B),
3EN( 8) ,PHII(16,1€) ,TPHI(16,16),10( S) ,IL{ 5),
4Y0( 5, 5),YL{ 5, 5)
CEX852888S 058RS0 S R4S RESRREERRSEEBEBP S AR EEABEE S IREDRSREERC

Cc C
C cC
C THE FOLLOWING ARE OF DIMENSION ND o4
C Cc
C NCTE: IP NU=0, SET ALL DIMENSIONS=1 C
C o
C (o
C C

(222 S22 R RIS 22 RT3 2222 R3S RS RS E RS RSR AR R TE RS R SR 3L
INTEGER W(2),NWST(2)
REAL®S YW(2),2W(2),R¥ (2),RWST (2),SIGUST(2)
COMPLEX*16 ZWHV( 2)

fod 33222222 RS2 RSES RIS RS RSS2 RS2SR R REAZ 2] L ol

c C
c C
C THE FOLLOWING ARE OF DIMENSION NS C
C C
c NOTE: I¥ NS=0, SET ALL DIMENSIONS=1 c
c C
C (o}
CESSEE LSS IR RREERE LSRR R NSRBI ESEEARAREESESIISERE IS AS SRR BS 0084

INTEGER S( 3) ,STYPE( 3) ,NWH( 3) ,BELT( 3) ,¥PB( 3) ,NPI( 3),
19PR( 3) ,IGNDL( 3) ,IGNDE( 3) ,KEY( 3)

nannon

RFAL®8 YS{ 3),2S( 3) ,RS( 3),ERS( 1) ,RWH( 3) ,RWHST( 3),SIGWHS( 3),
1Ts( 3),SIGS( 3) ,RB( 3) ,SIGB( 3) ,TuB( 3) ,LEL({ 3) ,RPL( 3) ,THPL({ 3),
2RPRL( 3) ,SIGPWL{ 3) ,RPWSTL( 3),LPR{ 3),RPR{ 3),THPR( 3),RPWR( 3),
3BPVSTR( 3),SIGPWR( 3),LPT( 3) ,LTV( 3),STV( 3),
8YPL{ 3),2PL{ 3) ,YPR( 3),ZPR( 3)

CONPLEX#*16 ZSV( 3) ,2DV( 3),Z¥PLV( 3) ,ZVPRV( 3),ZWWHV( 3)

END DIMENSION STATEMENIS

CORMON /RCON/ ZERO,ONE,T¥C,THREE,FOUR,NU,BUO2PI,NUO4PI, .
1PI,RADEG,ERTE,SIGCOP,R,F,V2

COMMON /CCON/ ZEROC,ONEC,XJ,JONEGA

ZER0=0, D0

ONE=1,D0

TWO=2, DO

THREE=3,D0

PCUB=4,DO

CHTN=2,54D-5
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SHLD0062
SHLDO0063
SHLDOO6Y
SHLDO006S
SHLDO0066
SHLD0067
SHLDOO6S
SHLDOO069
SHLDOQO7C
SHLDOOT71
SHLDOO72
SHLDO0O073
SHLDONT4
SHLDOD7S
SHLDO0076
SHLDOO77
SHLDOO78
SHLDOQO079
SHLDO0O0BO
SHLDO0O081
SHLD0082
SHLDOO083
SHLDOOB8Y
SHLDO008S
SHLDOO0B86
SHLDO0O08?Y
SHLDOO®88
SHLDO(G8S
SHLDO0090
SHLDCO091
SHLD0092
SHLD0093
SHLD 0094
SHLD009S
SHLD0096
SHLD 0097
SHLDO0098
SHLD0099
SHLDO0100
SHLDO101
SHLDO 102
SHLD0103
SHLDOVOU
SHLD0 105
SHLDO106
SHLDO107
SHLDO 108
SHLD0109
SHLDO110
SHLDO111
SHLDO112
SHLDO11)
SHLDO114
SHLDO115
SHLDO116
SHLDO117
SHLDO118
SHLDO119
SHLDO0120
SHLDO121
SHLDO122
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MUOZPI=2,.D-7 SHLD0123
NUO4FI=1,D-7 SHLDO 124
ONE80=180,D0 SHLD0125
v=2,997925D8 SHLDO 126
SIGCOP=5, 3D7 SHLD0127
ONEC=DCMPLX (ONE, ZERO) SHLD0128
ZERCC=DCYPLX (ZERO, ZERO) SHLDO 129
XJ=DCMPLX (ZERO,ONE) SHLD0 130
PI=FOIR®DATAN (ONE) SHLDO131
RADEG=ONESO/PI SHLD0132
MU=PUO2PI$THOSPI SHLD0133
V2=Vey SHLDO134
ESTE=ONP/ (NU*V2) SHLDO 135
SHLDO 136
SHLDO0137
REAL INPUT DATA SHLD0O138
SHLD0139
SHLDO140
REAC(5,1) NTYPE,L,NU,NS SHLDO 141
1 PCRMAT(I1/E10.3/12/12) SHLDO 142
WRITE(6,2) SHLDO143
2 PORMAT ('1?) SHLDO 144
IP(NTYPE.EQ.1) GO TO 3 SHLDO 145
TF(NTYPE.EQ.2) GO TO 3 SHLDO146
GG TO 220 SHLDO 147
3 CCNTINUE SHLDO 1438
IF(NU.EQ.0.AND.NS.EQ.0) GO TO 220 SHLDO149
NT=NU+NS¢NS SHLDO150
NUPS=NU+NS SHLDO151
TNUPS=NUPS+NUPS SHLD0152
TNT=NT#NT SHLDV 153
NNU=NO SHLDO154
TF (NU.EQ.0) NNU=1 SHLD0155
NNS=NS SHLDO156
IP(NS.EC.0) NNS=1 SHLDO157
WRITE(6,4) NU,NS,L SHLD0158
4 PORMAT (50X, *PROGRAN SHIELD'////s/47%,12, SHLDO 159
1* UNSHIFLDED WIRES',//u8X,I2, SHLDO 160
2' SHIELDED WIRES'// SHLD0161
342X, LINE LENGTH (METEBS)= *,1PE11.3///) SHLD0162
IF(NTYFE.EQ.1) GO TO 7 SHLD0163
REAC (5,5) R SHLDO164
S PCRMAT {10X,E10,3) SHLDO 165
WRITE(6,6) R SHLD0 166
6 PCRMAT (10X,'REFERENCE CONDUCTOR IS AN OVERALL,CIRCULAR,CYLINDRICALSHLDO167
1 SHIFLD WITH INTERIOR RADIUS= *,1PE10.3,' (METERS)'///) SHLDO 168
GO 10 9 SHLDO169
7 CONTINUE SHLDO017C
WRITE(6,8) SHLDO171
8 PORMAT (40X,* REFERENCE CONDUCTOR IS A GRCUNL PLANE®///) SHLD0172
9 CONTINUE SHLDO173
IF(NU.EQ.0) GO TO 18 SHLDO174
WRITE(6,10) SHLDO175
10 FORMAT (/////45X,*DATA FOR THE UNSHIELDED ¥IRES‘'////) SHLD0176
WRITE(6,11) SHLDO177
11 PORMAT (1X,°YW= WIRE HEIGHT ABOVE GROUND (METERS) OR RADIAL DISTANCSHLDO178
1E PBCM CENTER OF SHWIELD {(METERS)'/ SHLDO017Y
21X,'Z¥= HORIZONTAL COORDINATE (METERS) OR ANGULAR PCSITION (DEGREESHLDO180
3S)*/1X,'R¥= WIRE RADIUS (MILS)*/ SHLDO0181
41X, *NWST= NUNBER OF WIRE STRANDS'/ SHLDO182
51X, 'R4ST= RADIUS OP WIRE STRANDS (MILS) '/ SHLDO 183
117
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61X, *SIGWST= CONDUCTIVITY OF WIRE STRANDS (RELATIVE TC COPPER)*'/// SHLDO184

)] SHLD0O185
- WRITE(6,12) SHLDO 186
S 12 PORMAT (1X,°*WIRE' ,6K, YW, 16X, 24? , 16X, RU’, 12X, *NWST',3%, RNST?, SHLDO187
AN 116X, 'SIGHST? /) SHLDO188
- DO 17 1=1,NU SHLDO189Y
L READ (5,13) W(I),YW (I),2¥ (1) SHLD 0190
T 13 PCRMAT (I2,8X,E10.3,10X,E10.3) SHLDC191
!!B REAT(5,14) BW(I),NWST(I),RWST(I),SIGEST(I) SHLD0192
14 PORMAT (10X,E10.3,13%X,12,15X,E10.3,10X,E10.3) SHLD0193
- WRITE(6,15) #{I),Yw(I),Z¥W(I),RW (I),NHST(I),REST(I),SIGHST(I) SHLDC194
- 15 FORMAT (2X,12,3x,1P2%0.3,8X,1PE10.3,8X,1PE10,.3,9%,12, SHLD0195
15X, 1PE10.3,11X,1PE10.3) SHLD0196
R (I)=RN (1) *CHTY SHLD0197
- RWST (I) =RWST (I) *CATH SHLDO193
g IF (NTYPE.EQ.1) GO TO 16 SHLDO0199
f‘ 2ZW{I)=ZW (I)/RADEG SHLD0200
b8 16 CONTINUE SHLD0201
E. 17 CONTINUE SHLD0202
s 18 CONTINUE SHLD0203
- IF(NS.FQ.0) GO TO 58 SHLD0204
1 WRITE(6,19) SHLD020S
19 PORMAT (/////45X,*DATA FCR THE SHIELDED WIRES'////) SHLD0206
WRITE(6,20) SHLD0207
20 PORMAT(1X,°*YS= SHIELD HEIGHT ABOVE GROUND (METERS) CR RADIAL DISTASHLD0208
1NCE FRCM CENTER OF SHIELD (METERS)'/ SHLD0209
21X,'2S= HORIZONTAL COORDINATE (METERS) OR ANGULAR PCSITICN (DEGREESHLD0210
35)*/1X,*RS= INTER1OR SHIELD RADIUS (METERS)*/ SHLDO211
41¥, *ERS= RELATIVE PERMITTIVITY OF INTERICR DIELECTRIC'/ SHLDO0212
51X, *RW¥= SHIELCED WIRE RADIUS (MILS)', SHLD0213
61X, 'N¥ST= NUMBER OF SHIELDED WIRE STRANDS'/ SHLDO214
71X, *BWST= RADIUS OF SHIELDED WIBE STRANDS (MILS)'/ SHLD0215
81X, *SIGVST= CONDUCTIVITY OF SHIELDED WIRE STRAND3S (RELATIVE TC COPSHLD0216
9PER) *///) SHLDO0217
WRITE(6,21) SHLD0218
21 PORMAT(2X,*SHIELD',8X,'YS?,13X,'2S,13X,'RS* ,13X, *ERS',12X,'RW', SHLD0219
110X, *NWST?,9X, *RHST?,11X,*SIGNST?,//) SHLD0220
NTHER=0 SHLDO0221
NSTYP=0 SHLD0222
DO 32 I=1,NS SHLD0223
REAC(5,22) S(I),STYPE(I),YS(I),2S(I) SHLD0224
22 FCRPAT(12,7X,I1,10X,E10.3,10X,E10.3) SHLDO0225
IP(STYPE(I).EQ.1) GO TC 23 SHLD0226
TF(STYPP(I).EQ.2) GO TO 23 SHLD0227
NSTYP=1 SHLD0228
23 CCNTINUE SHLD0229
READ(5,24) RS(I) ,ERS(I),RWH(I),NWH(I),RWHST(I),SIGWHS (L) SHLD0230
24 PORMAT (10X,3(E10.3),10X,4X,12,4X,2(E10.3)) SHLDO 231

ITYEE=STYPE(I) SHLDO0232 -

G0 10 (25,27), ITYPE SHLD0233 .

25 CCNTINUE SHLDO234 o

READ(5,26) TS(I),SIGS(I) SHLD0235 ;-

26 PORMAT (10X,2(E10.3)) SHLD0236 R
GC TG 29 SHLD0237

27 CCNTINUE 5iLD0238 ~

READ(S,28) BB(I),SIGB(I),THB(I),BELT(I),¥PB(I) SHLD0239 |

28 PCRMAT (10X,3(E10.3),3X,12,8X,12) SHLDO 240 -

IP(THB(T) .LT.ZERO.OR.THE (1) .GT.45.D0) NTHER=1 SHLDO241 K

29 CCNTINUE SHLDO242 1

RBAD (5,30) LPL(I),RPL(I),THPL(X),FPWL(I),NPL{I),RPWSTL(I), SHLDO243 3

1SIGEHL (1) SHLDO244 j

1
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30 PORMAT (10X,3(E10.3)/10X,E10.3,3X,12,5X,2(E10.3))

REAL(5,31) LPR{I),RPR(I),THPR(I),RPWEK (I) , NPR(I),RPWSTE(I),

1SIGEWR (I)
31 PORMAT (10X,3(F10.3) /10X,E10.3,3x,12,5X,2(E10.3))
32 CONTINOE
IF (NTHER.EQ. 1) GO TO 220
IP(NSTYP.EQ.1) GO TO 220
Do 35 I=1,NS
WRITE(6,33) S(I),YS(I),2S(I),RS(I),ERS(I),RWH (I), NWU(I),
1HST (1) ,SIGWHS (I)
33 PORMAT(3X,I2,7X,1PE10.3,5X, 1PE10.3,5%,1PE10.3,5%, 1PE10.3,
15x, 1PE10.3,7X,12,7X,1PE10.3,5X, 1PE10.3)
RUH (I) =RWH (I) CHTN
RWHST (I) =RUHST (I) $CHTH
IP (NTYPE.EQ.1) GO TO 34
2S(1)=25(I)/RADEG
34 CCNTINUE
35 CONTINUE
W#RITE (6,36)
36 PORMAT(/////35X,°SHIELD CHARACTERISTICS'//)
WRITE(6,37)
37 PORMAT (1X,'TS= SOLID SEIELD THICKKESS (MILS) '/

11X, *SIGS= SOLID SHIELD CONDUCTIVITY (RELATIVE TC COEPFR) '/

21%,*BB= RADIUS CF BRAIC WIRES (MILS)'/
31X, 'SIGB= BRAID WIRE CONDUCTIVITY (RELATIVE TC COPPER)‘'/
41X, *THB= BRAIL WEAVFE ANGLE (DEGREES) */
51X, *BELTS= NUNBER OP BELTS IN BRAID'/
61X, *WPB= NUMBER OFP WIRES PER BELT'///)
WRITF (6, 38)

38 FPCRMAT (2X,°*SHIELD',4X,*'TYPE*,BX,'1S',13X,'SIGS*, 14X, RD*, 16X,

1*SIGE?,11X,*THB', 10X, *BELTS*, 10X, '"WPB'//)
pC 43 I=1,8S
IF(STYPE(I).EQ.2) GO TC 40
URITE(6,39) S(I),TS(I),SIGS(I)
39 PORMAT(3X,I2,€X,*SOLID?,4X, 1PE10.3,5%,1PE10.3)
TS(I)=TS(I) *CNTN
RS (I) =RS (I) *+TS (I)
GC TO 42
40 CCNTINUE
WRITE(6,41) S(I),RB(I),SIGB(I),THB(I),BELT(I),WPB(I)

41 PORMAT (3X,I12,5X,*BRAIDED?',35X,1PE10.3,8X,1PE10.3,5X,1PE10.3,9X,

112,12X,12)
RE(I)=RB (I)*CHNTH
TS(I1)=THO*RB (I)
RS (I)=RS (I) +TS(I)
THB (I) =THE (I) /RADEG
42 CONTINUE
43 CONTINUE
WRITE(6,44)
44 PORMAT (////.39X,*DATA FOR THE PIGTAILS'//)
WRITE (6,45)
45 PORMAT (42X,'LEFT PIGTAILS'//)
WRITE(6,46)
46 PORMAT (1X,°LPL= LENGTH OF LEFT PIGTAIL (METERS)'/

SHLDO245
SHLDO246e
SHLDO247
SHLDO0248
SHLDO249
SHLDO0250
SHLDO0251
SHLD0252
RWSHLDO0253
SHLDO0254
SHLDO255
SHLDN25S6
SHLD0257
SHLD0258
SHLD0259
SHLD0260
SHLD0261
SHLDO0262
SHLD0263
SHLDO 264
SHLDO0265
SHLD0266
SHLDO267
SHLDO268
SHLDO26S
SHLDO270
SHLDO271
SHLD0272
SHLD0273
SHLDO0274
SHLDO0275S
SHLDO0276
SHLDO0277
SHLD0278
SHLD0273
SHLDO 280
SHLD0281
SHLDO282
SHLDO0283
SHLDO284
SHLD0285
SHLD0286
SHLDO0287
SHLDO0288
SHLD0289
SHLDC290
5400291
SHLDO0292
SHLDO0293
SHLDO294
SHLDO029S
SHLD029%0
SHLD0297
SHLDO0298

11X, *FPL= RADIAL SEPARATION OP PIGTAIL WIRF FRCM SHYELDED WIRE (METSHLDO0299

2ERS) '/

31X, 'THPL= ANGULAR POSITION OF PIGTAIL WIRE (CEGREFS)'/
41X, *FPWL= RACIUS OF PIGTAIL WIRE (AILS)'/

59X, *NPL= NUNBER OF STRANDS IN PIGTAIL WIRE'/

611, *6P¥STL= RADIUS OF PIGTAIL WIBRE STRANDS (MILS)'/

SHLDO300
SHLDO301
SHLDO0302
SHLD0303
SHLDQ304

71X, 'SIGPWL= CONDUCTIVITY OF PIGTAIL WIRE STRANDS (RELATIVE TO COPPSHLDO30S
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8ER) ' //) SHLLC306

WRITE(6,47) SHLD0307
47 FCRPAT (1X,*SHIELD®,9%,*LPLY, 4%, *EFL?, 12X, 'THPLY, 10X, *RPWL",3¥,  SULDO30S
19NPLY, 9X, *RPWSTLY, 12X, *SIGPRL'//) SHLD0309
DC 49 I=1,NS SHLDO31C
WRITE(6,48) S(I),LPL{I),RPL(I),THEL(I),RPWL(I),NPL (1), RPSHLDO3 1
1STL (I),SIGPWL(I) SHLDC312
48 FORMAT(3X,12,7X,1?E10.3,7X,1PE10,3,5X,1PE10.3,4X,1PF10,3,7X, SHLDO313
112,7%,1PE10.3,8X,1PE10.3) SHLDO314
{ RPWL {I)=RPWL (I) *CNTN SHLDO315
- RPWSTL (I) =RPWSTL(I) *CHIN SNLDO 316
: THPL (I)=THPL (I) /RADEG SHLDO317
49 CCNTINUE SHLDO318
WRITE(6,50) SHLDO 319
50 FCRMAT(////¢42X, RIGHT PIGTAILS'//) SHLDO320
"‘ WRITE(6,51) SHLDO321
‘ 51 PCRMAT{1X,°LPR= LENGTH CF RIGHT PIGTAIL (MFTERS)'/ SHLNO 322
11X, 'RPR= BADIAL SEPARATION OF PIGTAIL WIRE FRCY SHIELDED WIRE (METSHLDO323
X 2FRS) 1/ SHLDO 324
L 31X, *THPR= ANGULAR POSITICN OF PIGTAIL WIRE (DEGREES)'/ SHLD0325S
41%X,'BOWR= RACIUS OF PIGTAIL WIRE (MILS)'/ SHLD 0326
51%, *NPR= NUMBER OF STRANLS IN PIGTAIL WIRE'/ 3HLD0327
61X, *FPWSTR= RADIUS OF EIGTAIL WIRE STRANDS (MILS)*/ SHLDO 326
71%,'SIGPWR= CCNDUCTIVITY OF PIGTAIL WIRE STRANLCS RELATIVE TO COPPESHLDO0329
BR) '/ /) SYLDC330
WRITE(6,52) SHLD0331
52 PORMAT (1X,*SHIELD',9X, 'LPR*, 14X, 'FPE®, 12X, 'THPR®, 10X, SHLD0332
1'RPWR' ,9X, *NPR*,9X, "RPWSTR?, 12X, 'SIGPHR"//) S4ALD0333
DC S4 I=1,NS SHLDO3 34
WRITE(6,53) S(I),LPR(I),RPR(I),THER(I),RPWR(I),NPR(I), RPSHLDO335
INSTR (I) ,SIGPNR (T) SHLDO0136
53 PCRWAT(3X,I2,7X,1PE10,3,7X, 1PE10.3,5X,1PE10,3,4%,1PE10,3, SHLD0337
17%,12,7%,1PE10.3,3X, 1PE10.3) S4LD0333
RPWR (I) =RPWR (T) *CHTY SHLDO0339 e
REWSTR (I) =RPWSTH (L) *CMT" SHLDO340 R
THPR (I) =THPR {I) /RADEG SHLD0341 -]
S4 CONTINODE SHLDC342 <
DC S7 I=1,NS SHLDO343 ;
IF(NTYEE.EQ.2) GO TO 55 SHLDO 344 -
YPL (I) =YS (I) +RPL (I) *DSIN (THPL (I)) SHLDC345 4
ZPL (I) =ZS (1) +RPL(I) *DCOS (THPL (I}) SHLDOJUb -1
YER (I) =YS (I) +RPR (L) *DSIN (THPR(I)) SHLDO3Y4 7 b
ZPR (I) =25 (I) #RPR (I) *DCOS (THPR (I)) SHLDC343 .
GO T0 56 SHLDO34Y
55 CCNTINUE SHLD0350 :
YPL (1) =DSQRT (YS(I) **2+RPL (I) **2-TWO*YS (T) *RPL (I) #DCCS (THPL(I)))  SHLDO351 "]
ZPL (1) =25 (I) *DATAN2( (REL (I) #DSIN (THEL(I))), (YS(I)+ SHLDO3S: ]
1RFL (I) #DCOS (THPL (I)))) SHLD0353 -
YPR (1) =D5QRT (YS (I) *2+RPR (I) %2-THC* 1S (I) *RPR (I) #DCCS (THPR(I)))  SHLDO3S4 1
ZPR{I) =2S (I) +DATAN2 ( (RER(I) +DSIN (THER(I))),(¥YS(I)+ SHLDO3SS .
1RPR (I) #DCOS (THPR(I)})) SHLD0356 g
56 CONTINUF SHLDC357 ]
57 CCNTINUE SHLDO3SE
58 CCNTINUE SHLD0359 -1
WRITE(6,59) SHLDO0360 -]
S9 PORMAT(////,33X,'TERMINAL SCURCE ANC IMPELCANCE DATA'////) SHLD0361 -
WRITE (6,60) SHLD0362 2
60 PORMAT (1X,*IOR= REAL PART OF CURRENT SOURCE EFTWEEN WIRE AND KEFERSHLC0363 3
1ENCE CCNDUCTOR AT X=0'y SHLDO 3164
21%,'10L= IMAG PART OF CURRENT 30UBCE EETWEEN WIRE AND REFERENCF COSHLD0365
INCUCTOR AT X=0¢/ SHLDC366 ]
. 91
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41X,*YOR= REAL PART OF ADMITTIANCE EEIWEEN WIKE AND REFERENCE CCNDUCSHLDO0367

STCR AT X=0'/

SHLDO0368

61X,'Y0I= IMAG PART OF ADMITTANCE EETWEEN WIRE AND REFERENCE CONDUCSHLDO369

7TCR AT X=0'/

SHLDO0370

81X, *ILR= REAL PART OF CURRENT SOUSKCE BETWEEN WIRE AND REFERENCE COSHLD0371

INPUCTOR AT X=L'/

SHLDO37:2

A1X,*ILI= IMAG PART OF CURRENT SOURCE EETWEEN WIRE AND REFERENCE COSHLDO0373

ENCUCTOR AT X=L%/

SALDC374

C1X,*YLR= REAL PART OF ADMITTANCE EETWEEN WIRE AND REFERENCE CCNDUCSHLDO037S

DTCR AT X=L'/

SHLDO0376

E1X,'YLI= IMAG PART OF ADMITTANCE BETWEEN WIRE AND REFERENCE CCNDUCSHLDO0377

PTCR AT X=L'///)
WRITE(6,61)

61 PORMAT (1X,*WIRE',8X,'IOR', 12X, 'TI0I*, 12X, YOR',12X, Y0I",12X,
1'ILRY, 12X, *TLI*, 12X, *YLR’, 12X, YLI'//)
IP(NU.EC.0) GC TC 65
DO 64 I=1,NU
READ(5,62) IOR,I0I,YOR,Y0I,ILR,ILI,YLR,YLI

62 FCRNAT (8(E10.3))

WRITE(6,63) I,IOR,IOI,YOR,YOI,ILR,ILT,YLR,YLI

63 PCRMAT(2X,I2,5X,1PR10.3,5%, 1PE10.3,5X,1PE10.3,5X, 1PE10.3,5X,
11PE10.3,5X,1PE10.3,5X, 1PE10.3,5X, 1PE10.3)
I0(I)=IOR+XJI*TOI
IL(I)=ILR¢XJ*ILI
YO(I,I)=YOR+XJ*YOI

64 YL(I,I)=YLR¢XJ*YLT

65 CCNTINUE
IF(§S.EC.0) GC TO 73
NISR=0
NVSR=0
NISL=0
YVSL=0
WRITE(6,66)

66 PORMAT(//,1X,*SHIELDED WIRE®,3X,*IOR',12X,'I0I', 12X, YOR', 12X
1,'Y0I', 12X, ILR", 12X, *ILI*, 12X, 'YLR",12X,'YLI'//)
NGNDR=0
NGNDLI=0
DC 72 I=1,NS
READ(5,67) IOR,IOI,YOR,YOI,ILR,ILI,YIR,YILI

67 FCRMAT (8(E10.3))

WRITE(6,68) I,IOR,IOI,YCR,YOI,ILR,ILI,YLR,YLI

68 PORMAT(3x,I2,8X,1PE10.3,5X,1PE10.3,5X,1PE10.3,5%,1PF10.3,5X,
11PE10.3,5X,1PE10.3,5X, 1PE10.3,5X, 1PE10.3)
10 (I+NU) =IOR#XJI*IOT
IL(I+NU)=ILR¢XJ*ILI
YO(I+NU,I+NU)=YOR+XJ*YOI
YL(I+NU,TeNU) =YLReXJ*YLI
READ(5,69) IGNDL(I),IGNDR(I)

69 FORNAT (9X,11,29X,I1)

IF(IGNDL(I).EQ.1) GO TO 70
IP(IGNDL{I).EC.2) GO 1C 70
NGNDI=1

70 CONTINUE
IP (IGNDR(I).EQ.1) GO TC 71
IF (IGNDR(I).EBC.2) GO TC 71
NGNCR=1

71 CCNTINUE
IP (IGNDR(I).EC.1) NISR=NISRe1}

TIP(IGNDR(I).EQ.2) NVSR=NVSR+1
IP(IGNDL(I).EQ.1) NISL=NISLe#1
IP(IGNDI (I).BC.2) NVSL=NVSLe1
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72 CONTINUE SHLDC428

IF(NGNDL.EQ. 1.0OR.NGNDR.EQ. 1) GO TC 220 SHLDO429%
73 CCNTINUE SHLDO4 30
K1=NUPS~1 SHLDO4 31
pc 75 1=1,K1 SHLDQ432
IP1=I+1 SHLDO433
DO 75 J=1P1,NUPS SHLDOU4 34
READ(S,74) YOR,YOI,YLR,YLI SHLDO4 35
74 PORMAT (20X,2 (E10.3),20X,2(E10,3)) SHLDO4 36
YO{I,J)=YOR¢XJ¢YOT SHLDC+437
NS YL(I,J)=YLReXJ®YLI SHLDO4 38
e Y0 (J,1)=Y0(I,J) SHLLCO4 39
- 75 YL(J,I)=YL(I,J) SHLDOW40
b NBITE(6,76) SHLDO4 41
. 76 PCRMAT(//,V0X,*IMPEDANCES BETWTEN WIRES'//) SHLDOU 4?2
s IF(NU.EC.0) GO TO 80 SHLDO443
WRITE(6,77) SHLDOG U Y
ﬁ ' 77 PORMAT (1X,'WIPE',2X,"WIRE®, 18X, *YCR® , 12X, YOI, 12X, * YLKk, 12X, SHLDOU4Y4S
S 1'YLIY/ /) SHLDO®Y46
- MKN=NU-1 SHLDOu47
: DC 79 I=1,MKN SHLDO4US
. TE1=1+1 SHLDO4Y49
DC 75 J=IP1,NU SHLDOG50
WRITE(6,78) I,J,Y0(L,J),YL(I,d) SHLDO451
78 PORMAT (2X,12,4%,12,15X,1PE10,3,5X,1PE10.3,5X,1PE10.3,5X,1PE10,3) SHLDC452
79 CCNTINUE SHLD0453
80 CCNTINUE SHLDOWSUY
IF(NU.EC.0.0R.NS.EQ.0) GC TC 84 SHLDO#55
REITE(6,81) SHLDO0456
81 FCRMAT(///, VX, *WIRE',2X,"SHIELDED WIRE®,12X,*YOR',12X,'Y0I*,12X, SHLD0457
1*YLRY,12X,'YLRY//) SHLDO4SH
DC 83 I=1,NU SHLDO459

DC 83 J=1,NS SHLDO460 o

¥RITE(6,82) I,J,Y0(I,J+NU),YL(I,JeNU) SHLDC461 -]

82 FPCRMAT(2X,12,7X,12,15X,1PE10.3,5X,1PE10.3,5X,1PE10.3,5K, SHLD0462 Tl

11PE 10, 3) SHLDO463 R

83 CCNTINUE SHLDQ4 64 Sk

84 CCNTINUE SHLDO465 i'j

IF(NS.EC.0) GC TO 100 SHLDOUGG L3

WRITE (6,85) SHLDO467 8

85 FCRMAT(///¢1X,'SHIELDED WIRE',2X,*SHIELDED WIRE',7X, SHLDOWGY -

1'YOR', 19X,'YOL*, 139X, *YLR',19X,*YLI'//) SHLDO469 S

BKS=NS-1 SHLDC470 .

DC 87 1=1,MKS SHLDO4 71 -

IP1=I¢1 SHLDO47:Z .

DC 87 J=IP1,NS SHLDO473 -

WRITE(6,86) I,J,Y0(I¢NU,J¢NU),YL(I+NU,J¢NU) SHLDOW 74 —j
86 PCRMAT(5X,12,13%,12,10X,1PE10.3,12%,1PE10.3,12X,1PE10.3, SHLDO475
112X,1PE10.3) SHLDO476

87 CCNTINUF SHLDO477 -]

WRITE(6,88) SHLDO4 78 g
88 FCRMAT(////¢20%,'5HIELD TERMINATICN CATAY//) SHLDC479

WRITE(6,89) SHLDO480 -

89 PCRMAT({1X,°'SHIELD',5X, " TERMINATION AT X=0', SHLDO4S8 1 —

110X, *TERMINATICN AT X=L%//) SHLDOu 82 .

DO 99 I=1,NS SHLDO483 .

IP(IGNDL(I).EC. 1.AND.IGKDR(I).BQ.1} GC TO 90 SHLDOu4 B4 "

TP (IGNDL (I).EQ. 1.AND, IGNDR(I).EQ.2) GO TO 92 SHLDCY 85 -3

IF(IGNDL(I).EQ.2.AND. IGNDR(I).EQ.1) GO TO 94 SHLDO4 86 g

IP(IGNDL(I)«ECe 2.ANC.IGNCR(I) .EQ.2) GO TO 96 SHLDO48? ﬁ
90 CCNTINUE SHLDO4 88
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91
92
93
94
95
96
97
98

99
100

101

102
103

104

105

106

107

108
109

WRITE(6,91) I

FORMAT (3X,I2,12X,*SHORT',23X," SHORTY)
GC 1C 98

CONTINUE

WRITE(6,93) I

PORMAT (3X,I2,12X, *SHORT®,24X, 'OPEN®)
GG TO 98

CONTINUE

WBITE(6,95) I

FPCRNAT (3X,T2,13X,'0PEN®,23X, *SHORT')
GC 1C 98

CCNTINUE

WRITE(6,97) I

FORMAT (3X%,12,13%,0PEN? ,24X,"0PEN"')
CCNTINUE

CCNTINUE

CONTINUE

DC 101 I=1,NUPS

DO 1C1 J=1,NUPS

Y0 {1,J)=-¥0(I,J)

YI({I,Jd)=-YL{I,J)

DC 103 I=1,NUPS

SUNMC 1=2EROC

SUMC2=ZEROC

DC 102 J=1,NUPS

SUMC1=SUMC1+Y0 (I,J)
SUMC2=SUMC2+ YL (I, J)

YO (I,I)=-SUMC)

YL(T,I)=-SUNMC2

CONTINUE

REAT FPREQUENCY AND CCMEUTE CONDUCTOR IMPEDANCES

READ (5,105,END=225) F

PCRMAT (E10.3)

ONEGA=THWOSPISF

JCMEGA=XJ*OMEGA

READ (5,196) ZGR,ZGI

PORMAT (2(210.3))

2G=DCMPLX (2GR, ZGI)

WRITE(6,107) F,ZGR,ZGI

FCRBAT (////, 1%, "FREQUENCY (HZ) = *,1PE10.3//

11X, 'FEFERENCE CONDUCTOF IMPEDANCE= *,1PE10.3,°
21PE10.3,* OHAMS PER BETER')

IF(NU.EQ.0) GO TO 109

DC 108 I=1,NU

ZWW Y (I) =ZWW (RWST (L) ,NWST(I) ,SIGNST (I))
CONTINUE

IF(NS.BQ.0) GO TO 113

DC 112 I=1,NS

ZUNHV (T) =2Wd (RWHST (I) ,NWH(I),SIGWHS (I))
ZWPLV(I)=ZWW (RPVSTL(I) ,NPL(I),SIGEWL (I))
ZWPRV (I) =ZWW¥ (RPWSTR (T) ,NPR (I),SIGPWR (1))
TF(STYPE(I).EQ.2) GO TO 110

25V (I) =ZSS (RS (I) ,TS (1) ,SIGS (I))

2DV (I) =2ZDS (RS (I) ,TS (1) ,SIGS (I))
LTV (I) =Z2ERO

STV (I) =ZERO

GO TO 111

123
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110 CCHTINUE
ZSV (L) =ZSB (RS (I) ,RB(I),SIGB (I),THE (I),
1BFLT {I),WPB(I))
2LV (I) =ZDB (RS (I) ,RB(I) ,SIGB.(I}, THE(I),
1BELT (I) ,WPB{I))
LTV (I) =LTB (RS (I) ,RB (I) ,THB (I),
1BELT (I) ,WPB(I))
STV (I) =STB (RS (I) ,RB(I) ,THB(I),
1RELT (I),WPB(I),ERS(I))
111 CONTINUE
112 CONTINUE
113 CCNTINUE
IF(NS. EQ.0) GO TO 164

CCMPUTE CHAIN PARAMETEF MATRICES FCR
RIGHT PIGTAIL SECTIONS

DC 114 I=1,NS
114 LeT (I) =LPR(I)
IPR=0
LMAXR=ZERO
DO 116 I=1,TNT
DO 115 J=1,TNT
115 PHIR(I,J)=ZEROC
116 PHIB({I,I)=0NEC
117 CONTINUE
pC 118 I=1,NS
118 IP(LPT(I).GE.LMAXR) LMAXR=LPT (I)
TF(IPR.EQ.0) LTR=LMAXR
IP(LMAXR.EQ.ZERO) GO TC 132
IPR=IPR+1
LMINR=LMAXR
DO 119 I=1,NS
119 IF(LPT(I) .LE.LMINR.AND.LPT(I).NE.ZERC) LNINR=LPT(I)
DO 120 I=1,N5
KEY (I) =1
120 IP(LPT(I).GE.LMINR) KEY(I)=2
CALL INDUCT(IND,NU,NS,NT,NUPS,NTYPE,RW,Y¥,2¥,RS,YS,2S,
1REWF,YPR,ZPR ,RWH, KEY ,NNU, NNS)
DC 121 I=1,NT
DO 121 J=1,NT
121 Z(I,J) =JOMEGA*IND (I,J) +2G
IP(NU.EQ.0) GO TO 123
DO 122 I=1,NU
122 Z(I,X)=2 (I,I)+ZW¥V (I)
123 CONTINUE
CALL IMPADD(Z,KEY,NO,NS,NT,NUPS,25V,2ZDV,LTV,ZWPRV, ZHWHV, NND, HNS)
CALL SCAP(SS,IND,NU,NS,NT,NUPS,KEY, NNU, NNS)
CALL ADMADD (KEY,NU,NS,NT,NUPS,RS,TS,RWH,ERS,SS, STV,NNU,NNS)
DO 125 I=1,NT
DO 124 J=1,NT
T(I,J) =SS (I,J)*ONEC
124 TI(1,J)=ZEROC
125 TI(I,I)=ONEC
CALL LEQTIC(T,NT,NT,TI,NT,NT,0,WA,IER)
DO 126 I=1,NT
DO 126 J=1,NT
Y (I,J) =JOMEGA*DREAL (TI(I,J))
126 YINV(I,J)=SS(I,J)/JONEGA
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CALL MULTC(TI,Y,Z,NT,NT,NT) SHLPOAK 11

CALl EIGCC(TI NT,NT,2,GAM,T ,NT,WK,IER) SHLNOK12
DO 128 I=1,NT SHLNDC613
DC 127 J=1,NT SHLDOO 14
Z(,3)=T(I,Jd) SHLDO615
127 T1(1,J) =ZEROC SHLDO616
128 TI1(1,I)=0ONEC SELDO6 17
CALf LECTI1C(Z,NT ,NT,TI ,NT,NT,D,WA,IER) SHLDQo 18
DC 129 I=1,NT SHLDC619
129 GAM{I) =CDSQRT (GAM(I)) SHLDOAK20
CALL PHI(PHIT,NT,TNT,L™INR,GAM,Y,YINV,T,TI,EP,EN) SHLDDJ621
CALYI MULTC(TPHI,PHIR,PHIT,INT,INT,INT) SHLDOK22
DC 130 I=1,TNI SHLD0623
DC 130 J=1,TNT SHLD 0624
130 PHIR(I,J)= TPHI(I,J) SHLD0625
nc 131 1=1,NS SHLDO0626
131 IF(LPT(I).NE.ZERC) LPT(I)=LPT(I)-LMNINF SHLD 0627
LMAXR=ZERO SHLD0628
GC ICc 117 SHLDJ02S
132 CONTINUE SHLD0630
WRITE(6,133) IPR SHLD0631
133 FCRMAT (//10X,*THE NUMBER CF RIGHT FIGIAIL SECTIGNS = SHLD0632
1,1277) SHLD 0633
c SHLDO634
c SHLD0635
C CCMEUTE CHAIN EARAMETEP MATRICES FOR SHLDO063E B
[ LEFT PIGTAIL SECTIONS SHLD0637 Sl
c SHLD0638 T
c SHLD0639 R
D0 134 I=1,N5 SHLDC640 S
134 LET(I)=LPL(I) SHLDO6Y 1 @
IPL=0 SHLDO0642 * 1
LMAXL=ZERO SHLDOGY 3
DC 136 I=1,TNT SHLDOG64Y -]
pC 135 J=1,TNT SHLDB6U4S ' 3
135 PHIL (I,.J)=ZEROC SHLDO646 ;
136 PHIL (I,I)=0ONEC SHLDO647 : 3
137 CCNTINDE SHLDO648 - |
DC 133 1=1,N5 SHLDO64S Mg |
138 IP(LPT(I).GE.LMAXL) LMAXL=LPT(I) SHLD0650 R
IF(IFL.EQ.0) LTIL=LMAXL SHLD0651 o]
TF(LMAXL. EQ.ZERG) GO TO 152 SHLD0652 Rk
IEL=IPL+1 SHLD06S)]
IMINI=1MAXL SHLDO6SY .
DC 139 I=1,NS SHLDO0655 o
139 IP(LPT(I)«LE.LMINL.AND.LPT(I).NE.ZERC) ININL=IPTI(I) SHLDO0S56 @
DC 140 I=1,NS SHLD0657 - 1
KEY (I) =1 SHLDC658 1
140 IF(LPT(I).GE.LMINL) KEY(I)=2 SHLD0659% b
CALI INDUCT (IND,NU,NS,NT,NUPS,NTYPE,RW,YW,ZW,R5,YS5,25, SHLDN0660 -
1RPWL,YPL,ZPL,RWH,KEY,NNJ,NNS) SHLD0661 3
DC 141 I=1,NT SHLD0662
DC 141 J=1,NT SHLD0663 °
141 Z(I,J)=JOMEGA®IND(I,J) +2G SHLDO664 . -
IP(NU.EQ.0) GO TO 143 SHLD0665 1
DC 142 1I=1,NU SHLDO666 B
142 2(I,1)=2(1,1) +ZWuv(I) SHLDO0667 ]
143 CCNTINUE SHLDO0668 ]
CALL IMEADD(Z,REY,NU,NS,NT,NOPS,2SV,2DV,LTV, ZWPLV,ZWWHV,NNU,NNS) SHLD066Y
CALL SCAP(SS,IND,NU,NS,NT,NUPS,KEY,NNU,NNS) SHLDO67C 1
CALL ADMADD(KEY,NU,NS,NT,NOPS,RS,1S,RWH,ERS,SS,STV, MU, NNS) SHLDO671 o |
R
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DC 145 I=1,NT SHLD0672
DC 144 J=1,NT SHLD 0673
T(I,J)=SS(I,J)*ONEC SHLDO6K 74
144 TI(I,J)=ZEROC SHLD0675
145 TI(I,I)=0NEC SHLDC676
CALL LEQTIC(T,NT,NT,TI,NT,NT,0,WA,IER) SHLD0677
DC 146 I=1,NT SHLD0678
DO 146 J=1,NT SHLD0679
Y(I,J) =JOMEGA*DREAL (TI (I,J)) SHLDO0680
146 YINV(I,J)=SS(I,J)/JCMEGA SHLDO6891
CALLI MULTC(TI,Y,Z,NT,NT,NT) SHLD0682
CALL EIGCC(TI,NT,NT,2,GAM,T,NT,dK,1ER) SHLD0683
DC 148 I=1,NT SHLDO684Y
DC 147 J=1,NT SHLD 0685 .
Z(1,J)=T(1,J) SHLD0686 e
147 TI(I,J)=ZEROC SHLD0687 4
148 TI{I,I)=0ONEC . SHLDC688 "
CALL LEQTIC(Z,NT,NT,1I,NI,NT,0,WA,IER) SHLDO68S e
DC 149 I=1,NT SHLD0690 p
149 GAM (I) =CDSQRT (GAM (I)) SHLDC691 )
CALL PHI(PHIT,NT,INT,LMINL,GAM,Y,YINV,T,TI,EP,TN) SHLD0692 1
CALI MOLTC (TPHI,PHIT,PBIL,TNT,TNT,TNT) SHLD0693 -
DO 150 I=1,TNT SHLDC694 ®
DC 150 J=1,TNT SHLD0695 o
150 PHIL (I,J)=TPHI(I,J) SHLD 0696 o
po 151 1=1,NS SHLD G697 ;
151 IF(LPT(I) .NE.ZERO) LPT(I)=LPT(I)-LMINL SHLD0698 S
LPAXL=ZERC SHLD0699 S
GG 10 137 SHLD0700 e
152 CCNTINOE SHLDO701 'jw
WRITE(6,153) IPL SHLD0702 )
153 FORMAT (//10X,'THE NUMBER OF LEFT PIGTAIL SECTIONS = ¢ SHLD0703 '
1,12/77) SHLDOT704
C SHLD0705 R
¢ SHLDO706 R
C CCMEUTE CHAIN PARAMETEE MATRIX FOR SHLD0707 R
C SHIELDED SECTION SHLDO708 5:3
C SHLD0709 'Y
c SHLD0710 * 1
ISHID=L-LTL-LTIR SHLDO711 g
IF(LSHLD.LE.ZERO) GO TGQ 222 SHLDO712 _—
DC 154 I=1,NS SHLDO713 ©
154 KEY (I) =1 SHLDO7 14 T
CALI INDUCT (IND,NU,NS,NT,NUPS,NTYPE,RW,YW,ZW,RS,YS,2S, SHLDO715 ;
{REWE,YPR,ZPR,RWH,KEY,NNU,NNS) SHLDO716 _
DC 155 I=1,NT SHLDO0717 .
DO 155 J=1,ET SHLDO0718 Sy
155 Z (1,J) =JOMEGA*IND(I,J) +2G SHLDO0719
IF(NU,EC.0) GC TO 157 SHLD0720 e
DO 156 I=1,NU SHLDO0721 Lo
156 Z(I,1)=2(I,I)+ZWNV(I) SHLDO0722 <]
157 CCNTINUS SHLD0723 -
CALL INPADD(Z,KEY,NU,NS,NT,NUPS,2SV,ZDV,LTV,2WPLV,ZWWHV,NNU,NKS) SHLDO724
CALL SCAP(SS,IND,NU,NS,NT,NUPS,KEY,NNU,NNS) SHLD072S -9
CALL ADWADD(KEY,NU,NS,NT,NUPS,RS,TS,EWH,ERS, 5S,STV,NNU,NNS) SHLDO726 ,}
DO 159 I=1,NT SHLD0727 1
DC 158 J=1,NT SHLDO728 1
T(I,J)=SS(I,J)*0NEC SHLDO0729
158 TI(I,J)=2EROC SHLD0730 B
159 TI(I,I)=ONEC SHLDO731 .
CALL LECTIC(T,NT,NT,TI,NT,NT,O0,WA,IER) SHLDO0732 ~
126 _
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DG 160 I=1,NT SHLDC733
DC 1€0 J=1,NT SHLDO734
Y(I,J) =JCHEGA®DREAL(TI(I,J)) SHLDO0735
160 YINV({I,J)=SS(I,J)/JCREGA SHLDC736
CALL MULTC(TI,Y,Z,NT,NT,NT) SHLDO0737
CALL EIGCC(TI,NT,NT,2,GAN,T,NT,¥K,IER) SHLDO738
DC 162 I=1,NT SHLDO739
DC 161 J=1,NT SHLDO740
Z(I,Jd)=T(I,d) SHLDO741
161 T1(I,J)=2EROC SHLDO742
162 TI(1,T)=0NEC SHLDO743
3 CALL LECT1C(Z,NT,NT,TI,NT,NT,0,WA,IER) SHLDOT44
} DC 163 I=1,NT SHLDOT45
! 163 GAN(I) =CDSQRT (GAM(I)) SHLDO746
CALL PHI(TPWI,NT,TNT,LSHLD,GAM,Y,YINV,T,TI,EP,EN) SHLLOT747
- CALL MULTC(PHIT,TPHI,PHIL,TNT,TNT,TNT) SHLDO748
" CALL MULTC{TPHI,PHIR,PHIT,INT,TNT,TINT) SHLDO749
g GC 1C 173 SHLLCO750
. c SHLDO0751
- c SHLDO0752
- < CCMEUTE CHALN PARAMETEF NATRICES FOR SHLD0753 _
- c LINE HAVING NO SHIELDED WIRES SHLDO754 .
; c SHLDO7SS ‘o
; c SHLDO756 @
- 164 CCNTINUE SHLDO0757 R
- CALL INCUCT(IND,NU,NS,NT,NUPS,NTYEE,RW,YW,2¥,RS,Y5,2S, SHLDO758 T
: VREWF,YFR,ZPR,RWH, KEY,NMJ,NNS) SHLDO759 o
' DO 165 I=1,NT SHLDC760 T
DC 165 J=1,NT SHLD0761 Lo
165 Z(I,J) =JOMEGA®IND(I,J) +2G SHLD0762 ST
DO 166 I=1,NU SHLDC763 @
166 2 (I,1)=2{I,I)+ZWWV{I) SHLDO764 o
CALL SCAP(SS,IND,NU,NS,NT,NUPS,KEY,NNU,NNS) SHLDO765 .
DO 168 I=1,NT SHLD0766 B
DC 167 J=1,NT SHLDO767 :
T(1,J)=SS(I,J) *ONE SHLDO768
167 TI(I,J)=ZEROC SHLDC769
168 TI(1,I)=0NEC SHLDO77C
CALL LECTIC(T,NT,NT,TI,NT,NT,0,WA,IER) SHLDO771 e .
DC 169 I=1,NT SHLDQ772 R
DC 169 J=1,NT SHLDOQ773 -
Y (I,J) =JCMEGA*DREAL(TI(I,J)) SHLDO774 T
169 YINV(I,J)=5S(I,J)/JCMEGA SHLDO77S SR
CALL MULTC(TI,Y,Z,NT,NT,NT) SHLDO776 R
CALL EIGCC(TI,NT,NT,2,GANM,T,NT,WK,IER) SHLDO777 R
DC 171 I=1,NT SHLDC778 N X
D0 170 J=1,NT SHLDO0779 - 1
2(I,9)=T(1,d) SHLDO780 -
170 TI(I,J)=ZEROC SHLD07381 .
171 TI(1,I)=ONEC SHLD0782 q
CALL LECTIC{Z,NT,NT,TI,NT,NT,0,WA,1ER) SHLDO743 3
DC 172 I=1,NT SHLDO784 <
172 GAM(TI) =CDSQRT (GAN(I)) SHLD0785 " ® R
CALL PHI(TPHI,NT,TINT,L,GAM,Y,YINV,1,TI,EP,EN) SHLDO786 ) .
173 CCNTINUE SHLDC787 K
C SHLDO788 '
c SHLDO789
c REABRANGE PHI MATRIX SHLDC790
c SELDC7S1
c SHLDO0792
C REARBANGE ROWS SHLDO07Y) ®
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174
175

176

177

178

179
180
181
182

183

184
185

186

187

188

IF(NU.EC.0) GO TO 175

pDC 174 I=1,NU

Do 174 J=1,TNT

PHIT (1,J)=TPHI(I,J)

PHIT (I+NUPS,J)=TPHI (I+NT,J)
CCNTINUE

IF(NS.EC.0) GO TO 182

DC 176 I=1,NS

DG 176 J=1,TNT
PHIT(L+NU,J) =TPHI (I+NUPS,J)
PHIT (L¢NUPS+NU,J)=TPHI (1+NT+NUPS,J)
K=0

M=0

DC 181 I=1,NS

IP (IGNDR(I).EC.1) GO TC 178
K=K ¢1

DC 177 J=1,TN1

PHIT (K+TINUPS,J) =TPHI (I+NU,J)
PHIT (K+TNUPS+NS¢NISR,J)=TPHI (I+TNUPS,J)
GC 10 180

CCNTINGUE

LELER!

DC 179 J=1,INT

PHIT (M+TNUPS+NVSR,J)=TEHI (L+TNUPS,J)
PHIT (M¢TNUPS#NS,J)=TPHI (I+NU,J)
CONTINUE

CCNTINUE

CONTINUF

DC 183 1=1,INT

nc 183 J=1,TNT
TPHI(I,J)=PHIT(I,J)

RFARBANGE COLUMNS

IF(NU.EQ.0) GO TO 185

DO 184 J=1,NU

nec 184 I=1,TNT

PHIT (I,J)=TPHI (I,J)
PHIT(I,J#NUPS) =IPHI(I,J+NT)
CCNTINUE

TE(NS.EQ.0) GO TO 192

DC 166 J=1,NS

DO 186 I=1,TNT

PHTT (I,J¢NU) =TPHI (I,J+NUPS)
PHIT(I,J¢NUPSeNU) =TPHI (1,J¢NT+NUPS)
k=0

M=0

pc 191 J=1,NS

IF (IGNDL(J).EC.1) 30 TC 188
K=K+1

DC 187 I=1,TNT

PHIT (I ,K+TNUPS)=TPHI (I,J¢N0)
PHIT (I,K+TINUPS¢NS¢NISL)=TPHI (I,J+TNUPS)
GC 10 190

CCNTINUE

M=N+1

DC 1€9 I=1,TNT
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PHIT(I,M¢TNUPS#NVSL) =TPHI(I,J+INUPS) SHLD0855
189 PHIT(I,M+TINUPS#NS)=TPHI(I,J+NU) SHLDC856
190 CCNTINUE SHLDG3S7
191 CCNTINUE SHLDO3SE
192 CCNTINUE SHLD0859
c SHLD0360
c SHLD0361
c INCCEPOSATE TERMINAL CCNDITIONS SHLD 0862
C SHLDC363
c SHLLCO864
DC 194 I=1,NUPS SHLD0365
DC 194 J=1,NUPS SHLD0366
SUMC=ZEBOC SHLDOS67
SUMC1=2EROC SHLDO868
SUMC2=ZEROC SHLD0B69
DC 193 K=1,NUPS SHLDO870
P SUMC=SUNCHPHIT (I,K+NUPS)*Y0 (K, J) SHLD 0871
s SUMC1=SUMC1+PRIT(I+NUPS,K+NUPS) *YC (K,J) SHLDC372
. 193 SUNC2=SUMC2+YL(I,K) *PHIT (K, J+NUPS) SHLD0373
- B (I,J) =-SUMC+PHIT (I,J) SHLDC374
» C(I,J) =SUMC1-PHIT (I+NUPS,J) SHLDO08TS
. 194 D(I,J) =-SUMC2+PHIT(I+NUPS,J+NUPS) SHLD0876
hq IF (¥S.EC.0) GO IO 199 SHLDO377
p: DO 196 I=1,NUPS SHLDC878
o DC 196 J=1,NS SHLD0379
3 SUMC=ZEROC SHLD0380
. DC 195 K=1,NUPS SHLDOBS1
’ 195 SUMC=SUMC+YL(I,K) *PHIT{K,J+INUPS) SHLD0882
% 196 A(I,J+NOPS)=SUMC-PHIT (I+NUPS,J+TNUPS) SHLDPO0383
" DC 198 I=1,NS SHLDC384
'1 DC 198 J=1,NUPS SHLD088S o
i SUNC=ZEROC SHLD0386 -
- DQ 197 X=1,NUPS SHLDO88? -
3 197 SUNC=SUMC+PHIT(L+TNUPS+NS,K¢NUES) *Y0 (K,J) SHLDO388 s
. 198 A(I+NUPS,J)=SUMC-PHIT (I+TNUPS ¢NS,J) SHLD088Y o]
199 CCNTINUE SHLD(890 ]
pC 202 I=1,NUPS SHLD0891 o |
SUMC=ZEROC SHLDC892 Mo
DO 201 J=1,NUPS SHLD08Y3
SUMC 1=ZEROC SHLDOB9Y4 -
DO 200 R=1,NUPS SHLDC895 ]
200 SOUMCI=SUMC1+YL (I,K)*B (K,J) SHLDC896 S
A(I,J) =C(I,J) +SUACT SHLDCB97 R
201 SUMC=SUMC+D (I,J)*L0(J) SHLD 0898 B
202 EP(I)=IL(I) ¢+SONMC SHLDC399 @
IF(¥S.EQ.0) GO TO 206 SHLD0900 - 1
DC 203 I=1,N8S SHLD 0701 S
DO 203 J=1,NS SHLDCY02 ©
203 A(I+NUPS,J#NUPS)=-PHIT (I¢TNUPS+NS,J+TNUPS) SHLD09013 :
DO 205 I=1,NS SHLD 0904
SUMC=ZEROC SHLDCY05 ST
DC 204 J=1,¥0PS SHLD0906 ®
204 SUMC=SUMC+PHIT (I+TNUPS+NS,J+NUPS)*10 (J) SHLD 0907 v
205 EP(I+NUPS)=SUNC SHLDCY03 1
206 CONTINUE SHLDOY0Y Co
CALL LECT1C(A,NT,NT,EP,1,NT,0,WA,IER) SHLD0710 BN
DO 208 I=1,NUPS SHLDC911 o
SUMC=ZEROC SHLD0J12 :
SUMC1=ZEROC SHLDO0Y13 -
DO 207 J=1,N0PS SHLDO9 14 -
SUNC=SOMC+B(I,J) *EP (J) SHLD0915 -
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207 SUMCI=SUMCIePHIT(1,J+NUES)*1N () SHLDOI16

208 EN(1)=SUMC¢SHMCI SHLDC?17
IF(NS.EQ.0) "0 10 2M 5HLDO318
DC 210 I=1,NUPS SHLDOY 19 RO
SUMC=ZEROC SlLD09%20 A
DC 209 J=1,NS SYLDOI21 RS
209 SUMC=SUMC¢PHIT(I,J+TNUES) *ED (J+NIES) SHLD092Z AR
210 EN(I)=EN(I)+SUMC SHLDC923 ~-i‘<
211 CCNTINUE SHLD0924 y
IF(MULEC.0) GC TO 215 SHLD092¢ T
WRITE(6,212) SHLDCY26 S
212 FCRMAT(/////+ VX, "AIRE® , 14X, VOM (VCLTS)®, 15X, '"VOA(DESRFES) ", SHLD0927 .
128X, 'VIM(VOLTS) ', 15X, VLA(DEGREES) *//) SHLDO0Y28 y
DO 214 I=1,NU SHLDC929 L
VWL=EP (1) SHLD0430 e
VNLP=CDABS (V¥L) 5HLDO0D31 @ f
VWLR=DRFAL (VL) SHLD0932 :
VWLI=DIMAG (VAL) SHLD0933
VWLA=DATAN2 (VWLI,VWLR) *RADEG SHLDO334
VWR=EN (I) SHLD0Y35
VWRM=CDABS (VWR) SHLDU336
VRRR=DREAL (VWR) SHLD09137
VWRI=DIMAG (VWR) SHLD0938 ®
VWRA=DATAN2(VWRI ,VWRR) *RADEG SHLDO0939 -
WRITE(6,213)I,VWLY,VWLA,VWRN,VVRA SHLDO0940 IR
213 PCRNAT {1X,12,2(15X,1PE10.3),15X,2(15X,1PE1C. 3)) SHLDO94 1 TR
214 CCNTINUE SHLDO942 o
215 CCNTINUE SHLDO943 s
TF(NS.EQ.0) GG TO 219 SHLDO944 Lo
WRITE(6,216) SHLDOJUS S
216 FOBRMAT{///,1X,*SHIELDED WIRE®,5X,'VOM(VOLTS)',15X,* VOA(DEGRETS)"*, SHLDOY46 ®
128%,'VLM {VOLTS) ', 15X, VLA (DEGREES) '//) SHLDC947 ~ o
DC <18 I=1,NS SHLDO9uS8 R
VSWHLI=EP (1 +NU) SHLDOJ4S S
VSWLM=CDABS (VSWL) SHLDCYSC "4
VSWLR=DREAL(VSWL) SHLDO9S1 :
VSWLI=DIMAG(VSWL) SHLD09S52 L
VSWLA=DATAN2 (VSWLI,VSWIR)*RADEG SHLDO0953 =
VSUR=EN(I#NU) SHLDO9SY !m‘
VSWRM=CDABS (VSWR) SHLD0955 :
VSWRR=DREAL (VSWR) SHLDC956
YSWRI=CIMAG(VSWR) SHLD0957
VSWRA=CATAN2 (VSWRI,VSWFR) $RADEG SHLDO0956
WRITE(6,217) I,VSWLM,VSHLA,VSHRM, VSWRA SHLDC959 L
217 FCRWAT(1X,12,2(15X,1PE10.3),15X,2(15X,1PE10.3)) SHLD0960 o
218 CCNTINUE SHLD0961 ) 9
219 CONTINUE SHLDO0962 -
GC TG 104 SHLD0%63 s
220 CCNTINUE SHLDO096UY
WRITE (6,221) SHLDC965
221 PORMAT (20X,*INPUT DATA ERRORY/ SHLDOY66
120X,*CCNSULT USERS MANUAL FOR ALLOWEL RANGE CF FORMAT') SHLD0967 oy
GC TO 224 SHLDCY68 o
222 CONTINUE SHLD0969 .
WRITE (6,223) SHLD0970 1
223 PORMAT (10X, * THERE IS A ZERO OR NEGATIVE LENGTH SHIELD ON A SHIELDESHLDOY971 :
1D WIRE® /10X, 'CHECK PIGTAIL LENGTHS AGAINST IO0TAL LINE LENGTH') SHLD0972
224 CCNTINUE SHLD0973
225 STOP SHLDO974 )
END SHLDO097S -
c FLS10001 .
-1
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PONCTION LS1 FOR COMPUTING THE SELP INDUCTANCES CF CCHDUCTOKS
ABOVE GRCUND

REAL FUNCTION LS1#8 (RW,H)

IMPLICIT REAL®8 (A-H,0-2)

REAL*8 MU,NUO2PI,NUO4PI

CCMMCN /RCON/ ZERO,ONE,THC,THREE,FOUR,NU, MUO2PI,MIOUPI,
1PI, RADEG, ERTE,SIGCOP,R,F,V2

LS1=RU02PI*DLCG (TWO*H/RN)

RETURN

END

PONCTION LMY PGR COMPUTING MUOTUAL INCUCTANCES OF CONDUCTORS
ABOVE GRCUND

REAL PUNCTION LN1#3(YI,YJ,2I,2J)
INPLICIT REAL*8 (A-H,0-2)

REAL$8 YU,NUO2PI,MUOUPI

CCMYCN /RCON/ ZERO,ONE,TWC,THREE,FOUR,NU, MUO2PI,%UD4PI,
1P1,RADEG, ERTE, SIGCOP,R,F,V2
20=21-2J

YD=YI-YJ

DIJ2=2C#ZDeYD*YD

LE1=NUO4PI*DLCG (ONE¢FOURSYI*YJ/DIJ2)
RETURN

END

PUNCTICN LS2 PCR COMPUTING THE SELP INDUCTIANCES CFP CCNDUCTORS
IN AN CVERALL SHIELD

REAL PONCTION LS2+8 (B¥I,RI)

INPLICIT REAL#*8 (A-H,0-Z)

REAL*8 NU,MUO2PI,NMUO4PI

CCMMCN /RCON/ ZERO,ONE,TWC,THREE, FCUB,"U, NUO2PI,NUOUPI,
1PY,RADEG, ERTE,SIGCOP,R,F,V2

LS2=MUO2PI*DLOG( (R*R-RI®*RI) / (R$RVI))

RETUSR

END

FUNCTION LM2 FOR COMPUTING THE MUTUAL INDUCTANCES OF CONDUCTORS
IN AN OVERALL SHIELD

REAL PUNCTION LM2¢8(RI,RJ,THI,THJ)

INPLICIT REAL®8 (A-H,0-2)

REAL®*S MU,NUO2PI,NUO4PI

CCMMCN /RCON,/ ZERO,ONE,TIWO,THRZE,FPCUE,MU, MUO2PI,NUCUPT,
1P1,BADEG, ERTE,SIGCOP,R,F,V2

RI2=RI®RI

RJ2=BJ*BJ

THETA=THI-THJ

RS2=8%R
LM2=NUOUPI*DLOG((RJ2/RS2) ® (RI2#RIZERS2¢RS2-THCHRISRI*FS2e
1DCOS (THETA) ) / (RI2#RJIZ¢BJI2*RI2-TWCHRI*RJI*RJI2¢LCOS5 (THETA)))
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RETOURN
END

FUNCTION STB FOR COMPUTING THE TRANSFER ELASTANCES FCH
BRAIDED SHIELDS

REAL PUNCTION STB*8(BS,RE,THW,B,WPE,ERS)

IMPLICIT REAL*8 (A-H,0-2)

INTEGER B,WP3

REAL®4 TABLH(S,S)

REAL®S “U,NDO2PI,NUOLPI

CCMMCN /RCON,/ ZERO,ONE,1W0,THREE,FOUR,NU,MUO2EI,MUOUPI,
1PI,RADEG,ERTE,SIGCOP,R,F,V2

DATA TABLH/.521,1.036,1.545,2.049,2.547,.502,1.001, 1.496,
11,967,2.475,.491,.987,1.463, 1.944,2.423,.480,.956,1.431,
21,902,2.371,.4721,.939,1.404,1,866,2.326,.463,.922,1.379,
31.834,2.285,.458,.912,1.364,1.813,2.259,.455,.906,1.355,
41,801,2.244,.454,.904,1.352,1,796,2.238/

THW=THW*RADEG

XE=FLOAT(3) *PLOAT (WPB) *TWO*RB/ (FOUR®EI®*RS*DCOS(THW/RADEG))
CEC=THC®XF-XFP®XE

FAC= ((CNE-OPC)** (THREE/TWO) ) *TWC*ERS/ (ERS +ONE)
DX=1.0D-2

DY=5.0D0

IF(FAC.LE.DX) GO TO 2

IF(FAC.GE.5.0D~-2) GO TO 3

pc 11=1,5

FAC1=DX$PLOAT (I)

X=FAC-FAC1

IF(X.GE.ZERO) GO TO 1

IX1=I-1

1X2=1

DIFX=FAC-DX#FLOAT (IX1)

GeC 1C 4

CONTINUE

IX1=1

I%2=2

DIFX=Z ERO

GC 1C 4

131=4

I1X2=%5

DIPX=DX

CCNTINUE

IF(THW.LE.DY} GO I0 6

IP(THW.GE.45.0D0) GO TC 7

pc 5 J=1,9

PSI1=DY*PLOAT (J)

Y=THW-PSI1

IP(Y.GE.ZERC) GC TO S

JY1=3-1

Jy2=3

DIPY=THW-DY*FLOAT (JY1)

GO 10 8

CCNTINUE

Jyr=1

Jy2=2.

DIFY=ZERO

GC 10 8

JY1=8
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JY2=9

DIPY=DY

CCNTINUE

P1=TABLH(IX1,JY1)

P2=TABLH (IX2,JY1)
P3=TABLH(IX1,JY2)

P4=TABLH (IX2,JY2)
H=F1+4DIFX/DX* (F2-P1) ¢DIFY/DY* (F3-F 1) ¢DIPY*DIFX/ (DY*DK) * (P4~
1F3-F2+FY)

H=H#DX

STB=H/ (TWO*FLOAT (3) *ERS*ERTE)
THW=THW/RADEG

RETURN

END

FUNCTION LTB FOR COMPUTING THE TRANSFER INDUCTANCES FOR
ERAILCED SHIELDS

REAL FUNCTION LTB#8(RS,RB,THW,B,WPB)

INPLICIT REAL*8 (A-H,0-Z)

INTEGER B,WPB

REAL*4 TABLG (S, 9)

REAL®8 MU,MUO2PI,NUO4PI

CCMMCN /RCON/ ZERO,ONE,THWO,THREE,FOUR,MU, NOOZPI,MNOUPI,
1P1,BADEG, ERTE,SIGCOP,R,F,V2

DATA TABLG/.539,1.091,1.657,2.236,2.829,.555,1.117,1.¢86,
12.261,2.844,.584,1.173,1,767,2,366,2.969, .621,1,246,1.874,2.5017,
23,142,.667,1,337,2.010,2.687,3.366,.727,1.457,2.190,2.923,
33.668,.807,1.618,2.433,3.253,4.076,.910,1.825,2.745,3.671,
44.603,1.045,2.C98,3.156,4.226,5.303,

THW=THW*RADEG

XF=FLOAT (3) *FLOAT (WPB) $#TWO*RB/ (POUR*PI*RS*DCOS (THW/RADEG))
OFC=THO*XF-XP*XF

PAC= (CNE-OPC) ** (THREE/THC)

DX=1.0D-2

DY=5.0D0

IF(FAC.LE.DX) GO TO 2

IF(FAC.CE.5.0D-2) GO TO 3

pc 11=1,5

PACI=DX*PLCAT (I)

X=FAC-FAC1

IF(X.GE.ZERO) GO TO 1

IX1=1-1

IX2=1

DIFPX=FAC-DX*FLOAT (IX1)

GC 1C &

CONTINUE

Ix1=1

1X2=2

DIFX=ZERO

GC 10 &4

IX1=4

I1X2=5

DIFX=DX

CCNTINUE

IF(TH¥,LE.DY) GO [0 6

IP(THW.GE,45.000) GO 1IC ?

pc 5 J=1,9

PSI1=DY*FLOAT(J)
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Y=THW-PSI1
IF(Y.GE.ZERC) GC TO 5
JT1=3-1

JY2=3
DIFY=THW-DY*FLCAT (JYI)
GC 10 8

CCNTINUE

Ji1=1

JY2=2

DIFY=ZERO

5C IC 8

JY1=8

Jy2=9

DIFPY=DY

CONTINUE

F1=TABLG (IX1,JY1)
F2=TABLG(IX2,JY1)
PI=TABLG (IX1,JY2)
F4=TABLG (IX2,JY2)
XG=F1¢DIFX/DX* (F2-F1) ¢+DIFY/DY* (F3-F1) +DIFY*DIFX/ (DX*DY) # (F4-F 3~
1F2+F 1)

XG=XG*DX

LTB=MU*XG/ (TWO*FLOAT (B))
THW=THW/RADEG

RETURN

END

FUNCTION ZWW FCR COMPUTING THE SEIF IMPEDANCES OF STRANDED WIRES

CCMPLEX PUNCTION ZWk*16(RST,NST,SIG)

IPPLICIT REAL*8 (A-H,0-2)

REAL*3 MU,MUO2PT,MUO4PI,LDC

CCMPLEX*16 ZEROC,ONEC,XJ,JONEGA

DATA P25/.25D0/,0NEP15/1.15D0/,P5/.5C0/,P15/.15D0,
CCMMCN /RCON/ ZERO,ONE,TWC,THREE, FOUR, Y40, YUO2PI,%U0O4PI,
1PI,BRADFG, ERTE,SIGCOP,K,F,V2

COMPCN /CCON/ ZEROC,ONEC,XJ,JOMEGA

DELTA=ONE/ (TWO*PI*[SQRT (SIG*SIGCOP*F¢NUOUPY))

RCC=0ONE/ (PI*SIG#SIGCOPRET*RST)

LDC=FUOUPI/THC

TF(RST.LE.DELTA) GO TO I

IF(FST.GE. THREF*DELTA) GO TO 2

ZWW= (P25% (RST/DELTA¢THREE) *RDC¢JOREGA® {ONEP15-P15%RST/DELTA) ¢
1LLC) /FLCAT (NST)

GC 10 3

Z8W= (RDC+JCMEGA*LDC) /FLCAT (NST)

GO 70 3

ZWN= (PS*RST*HLC/DELTA+JOMEGA®TWO*DELTA®LDC/RST) /FLOAT (NST)
CCNTINUE

RETURN

END

PUNCTION ZDB FOR COMPUTING THE DIFFUSION IMPEDANCES CF BRAIDEC
SHIELDS

COMPIEX PUNCTION ZDB*16 (RS,RB,SIGE,THW,E,WPB)
INPLICIT REAL®8 (A-H,0-Z)
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INTEGER 9,WPP £2DB0007
REAL®8 MU,™UC2PI,"104D1 ?2NB0010
COMPILEX*16 ZEROC,ONEC,XJ,JOMEGA,GAY,SINH FZZCECO11
CCMMCN /RCCN/ ZERO,ONE,INC,THREE,FCUR,%U,®U02P1, @041, ZDu0012
1PI,RADEG,EATE,SIGSC?,R,E,V2 FZDB0013
CCMMCN /CCON/ ZEROC,ONEC,XJ,JOMEGA FZ2OBOO14
DELTA=CNE/DSQRT (PL*F*MU$S1GE*SIGCCE) FZDR0O015
GAM= (ONE+XJ) /DELTA FZDB001€
D=TWC*RB PZNBCO17
SINH=(CDEXP (GAM*L) ~CDEXE (~GAM#*D) ) /TWC FZNBON18
RDC=CNE/ (FEI*RB*RP*SIGR#SIGCCP*PLOAT (E) *ELOAT (WPD) * FZDBE0019
1DCOS (THW)) FZDEGO20
ZDB=RDC*GAM*D/SINH FL3D0021
RETURN FZDB0022
END FZNE0923
c FZSLE0001
C FZSL0002
c PONCTION ZSB FOR COMPUTING THE SELF IMPEDANCES CF BRAIDED SHIELDS FZSE0003
c FZSB0OOY
c PZ5B0005
CCMPLEX FUNCTIION ZSB*16 (RS,RB,SIGE,THW,B,WPB) FZSE0006
I*PLICIT REAL*8 (A-H,0-Z) FZSBO 07
INTEGER B,WPB FZSB000S
REAL*S MU,MUOZPI,NUOUPI,LDC FZSEC009
CCMPLEX*16 ZEROC,ONEC,XJ,JOMEGA FZSB00 10
CCM™CN /RCCN/ ZERO,ONE,TWC,THREE, FCUR, YU, SUO2PI,MUOUPI, FZSBNO011 )
1P1,RACFG, FRTE,SIGCOP,R,F,V2 FZSBC012 '
CCMMCN ,CCON/ ZEROC,CNEC,XJ,JOMEGA FZSB0013 R
DATA P25/.25D0/,CNEP15,1.15D0/,P5/.500/,P15/.15D0, FZSB0014 e
DELTA=CNE/(TWO*PI*CSQRT (SIGB*SIGCCP*F*#¥U0O4PT)) FPZ5E0015 ]
RDC=CNE/(PI*SIGE*SIGCOP*RB*RB) FZSBOO 1€ S
LDC=RUCUPI/TNC FZSB0017 @
TF{RE.LE.DELTA) GO TO 1 FZSBCO18 Sy
IP{RE.GE.THREE*DELTA) GC TO 2 FZ5B0019 3
ZSB= (P25% (R3/DELTA+THREE) *RLC+. L NEGA® (ONEP 15-P15%RB/DELTA) * FZ5B0020 S
1LIC) /(FLOAT (B) *PLOAT (WPE) *DCOS (THW)) FZSB0021 S
GC 1C 3 FZ5B50022 Co
1 ZSB=(RDC4JCMEGA*LDC)/ (FLCAT (B) *FLCAT (WPB) #DCOS (THW) ) FZ530023 . 3
GC TO 3 FZ5B0024 L
2 ZSB=(P5%RB#RDC/DELTA+JCNEGA*THOSDELTA®LDC/RB) /(FLOAT (D) * FZSBO02E i
1PIOAT (WEB) *DCCS {THW)) F2SB0026 R
3 CCNTINUE F2530027 R
RETURN FZSE0028 C o
ERD FZSB0029
c FZDS0001 e
c FZD50002 T
c FUNCTICN ZDS FCR COMPUTING THE DIFFUSION IMPELANCES OF FZDS0003 j.‘_"
c SQLIC SRIFLDS F2DS0004 -
c F2DS0005 R
c FZDS0006 R
CCMELEX PUNCTION ZDS*16(RS,TS,SIGS) FZDS0007 SRy
IPPLICIT REAL*3 (A-H,0-Z) FZDS0008 S
RFAL#8 %MU,MUO2PI,MUO4PI F2050009 _
CCMPLEX*16 ZEROC,ONEC,XJ,JOMEGA,GAN,SINH FZDS00 10 o
CCHMCN /RCCN/ ZERO,ONE,TWC,THREE, FCUF,MU, NUO2PI,MUOU4PI, F4DS0011 ®
1P1, RADEG, ERTE,SIGCOP,R,F,V2 FZD50012 -
CCHMMON /CCON/ ZEROC,ONEC,XJ,JOMEGA FZDS0013 VY
DELTA=CNE/DSQRT (PI*F*N0U#S1GS*SIGCCP) FZDS00 14 S
GAM= (ONE+XJ) /DELTA FZDS0915 R
RCC=ONE/ (TNO®PI*SIGS*SIGCOP*TS* (RS-TS/TWO)) FZDS0016 )
SINH=(CDEXP (GAM#TS) -CDEXP (~GAM®*TS) ) /TWO FZDS001? -
N
-
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ZDS=RDC*GAN*TS/SINH
RETURN
END

FUNCTION ZSS FCR COMPUTING THE SELF IMPEDANCES OF
SCLID SHIELDS

CCMEIEX PUNCTICN ZSS*16 (RS,TS,SIGS)

INPLICIT REAL®8 (A-1,0-2)

REAL®S MU,NUO2PI,%UO4PI

CCMELEX*16 ZERCC,ONEC,XJ,JOMEGA

CCMMON /RCON/ ZERO,ONE,14C, THREE,FOUR,MU,NUG2PI,MUO4PI,
1PI,RADEG,ERTE,SIGCOP,R,F,V2

CCYPCN /CCON/ ZEROC,ONEC,XJ,JOMEGA

DELTA=ONE/DSQRT (PI*#F*MU*SIGS*SIGCOP)

RSS=CNE/ (SIGS*SIGCOPSDELTA)

COSH= (DEXP (TWO*TS/DELTA) +CEXP (~-TWO*TS/DELTA)) /THO

SINE=(DEXP (TWO$TS/DELTA)—DEXP (~THO*TIS/DELTA)) /TWO

RR=RSS* ( (SINH¢DSIN(TRO*TS/DELTA) ) / (COSH-DCOS (TWO*TS/DELTA)) )/
1 (THC*PI* (BS-TS/TNO))

OLI=RSS* ( (SINH-DSIN (IWO*TS/DELTA) )/ (COSH-DCOS (TWO*TS/DELTA)))/
1(TVCHPI*(RS-TS/TWO))

2SS=RR+XJ*CLI

RETURN

END

SUBRCUTINE MULTC POR MULTIPLYING TWO COMPLEX MATRICES

SUBROUTINE MULTC (A,B,C,NL,NH,NR)
INPLICIT REAL#8 (A-H,0-2)
COMFLEX*16 A (NL,NR),B(NL,NM),C(NM,NB),SURC,ZEROC, ONEC,XJ,JOMEGA
CCMNMCN /CCON/ZEROC,ONEC,XJ, JCHEGA
pc z I=1,NL

pC 2 J=1,NB

SUMC=ZEROC

DC 1 K=1,NM
SOMC=SUMC*B (I, K) *C (K, J)
A(I,J)=SUNC

RETURN

END

SUBBCUTINE SCAP FCR CCPPUTING THE INVERSE 0O THE CAFACITANCE
MATRIX

SUBROUTINE SCAP(SS,IND,NG,NS,NT,NDPS,KEY,NNU,NNS)
INPLICIT REAL#*8 (A-H,0-2)
INTEGER KEY (NNS)

REAL#8 IND(NT,NT),SS(NT,NT)
v=2,997925D8

V2=V

DO 1 I=1,NT

DC 1 J=1,NT
SS(1,J)=V2*IND(I,J)
TE(NS.EC.0) GO TO 4

pc 3 I=1,NS
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IF (KEY(I).EQ.2) GO TO 2
SS(I1¢NUPS,I+NUPS)=SS (I+NU,TI¢NU)
2 CONTINUE
3 CONTINUE
4 CONTINUE
RETURN
END

SUBBCUTINE INDOCT FCR CCMEUTING THE INDUCTANCE MATRIX

oo n

SUBROUTINE INDUCT(IND,NU,NS,NT,NUPS,NTYPE,RW,Y¥,ZH,RS,YS,2S,
1RWP,YP,2P,RWH,KEY, NNU, NNS)
IMPLICIT REAL#8 (A-H,0-7)
INTEGER KEY (NNS)
REAL*8 MU,MUOZPI,NUOUPI
REAL®8 IND(NT,NT),RW (NNU),Y¥ (NNU) ,RS (NNS) ,YS (NNS) ,RWH (NNS),
1ZS(NNS) ,YP (NNS) ,Zd (NNO) ,2P (NNS) ,RWE (NNS) ,LS1,LM1,LSZ,LN2
COMMCN /RCON/ ZERO,ONE,TWO, THREE,FOUR,M0,MUO2PI,NUO4PI,
1PI,RADEG,ERTE,SIGCOP,R,F,V2
GO 10 {1,29), NTYPE
1 CCNTINUE
IF(NU.EC.0) GO TO 3
pC 2 I=1,NU
2 IND(Y,I)=LSV1(R¥(I),Y¥(I))
3 CCNTINUE
TF (NS.FQ.0) 50 TO 8
pc 7 I=1,NS
IKEY=KEY (I)
GC 16 (4,5), IKEY
IND (I+4NU, T¢ND)=LS1{RS(I),¥S(I))
GC 1C 6
IND (I+NU, I#NU)=LS1 (RWP (1) ,YP(I))
CONTINUE
IND (I+NUPS,I+NUPS)=LS 1 (RWH (I),¥S (1))
CONTINUE
CONTINUE
IF(NU.EC.0) GO TO 10
NUM1=NU-1
DO 9 I=1,NOMY
IP1=1+1
DC 9 J=IP1,NU
9 IND(I,J)=LMV1(YW(I),YH(J),2W(I),2H(J))
10 CCNTINOE
IF (NS.EQ.0) GO TO 21
NSH 1=NS-1
DO 16 I=1,NS5M1
IP1=1¢1
Do 16 J=IP1,NS
IF(KEY (I).EQ. 1.AND. KEY (J) o EQ. 1) NK=1
TF (KEY (1) s EQ. 1.AND.KEY (J) .EQ.2) NK=2
TF(KEY (T) FQs 2. AND.KEY (J) .EQ. 1) NK=3
IFP (KEY(I).EQ.2.AND. KEY (J) . EC.2) NK=4
GO 10 (11,12,13,14), NK
11 CONTINUE
IND (I+NU,J¢NU)=LN1(YS(I),¥S (J),ZS(I),2S(J))
GO 10 .15
12 IND(I*NU,JeNU) =LNI(YS(I),YP (J),2S(I),2P(J))
GC 1C 15
13 IND (IeNU,J¢NU)=LM1 (YP (I),YS (J),2P(I),2S(J))
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32

33
34

35
36

37
38

GO 10 15

IND (I¢NU,J¢NU) =LNV(YP{I),YP (J) ,ZP (I) ,ZP (J))

CONTINUE

IRD (1+NUPS,J +NUPS) =LB 1 (YS(I),¥S (J) ,ZS(I) ,2S(J))

CCNTINUE

IF(NU.EGC.0) GC TO 20

DO 19 I=1,NU

DG 19 J=1,8S

IP (KEY (J).EQ.2) GO TO 17

IND(I,J+NU)=LM1 (YW (I),YS(J),2¥(I),25(J))

GC TC 18
CCNTINUE

IND(I, J+NU)=LM1(YW (I),YP (J),2W(I),Z2P(J))

CCNTINUE

IND (I,J#NOPS)=LM1 (Y% (I),YS(J),2¥(I),25(J))

CONTINUE

CONTINUE

CCNTINDE

TF(NS.EQ.0) GO TO 28

DC 27 I=1,NS

IP (KEY (I) .EQ.2) GO TO 24

IND (I+NU, I+NUPS)=LS1(RS({I) ,¥YS(I))
pc z3 J=1,NS

IP(I.EQ.J) GC TO 22

IND (I+NU,J+NUPS)=LM1 (YS(I),¥YS(J),2S(I),25(J))

CCNTINUE
CCNTINUE
GC 10 26
CCNTINUE
DC 25 J=1,NS

IND (I+NU,J+NUPS) =LM1 (YP (I),YS (J) ,2ZP (I) ,2S(J))

CCNTINUE

CCNTINUE

CONTINUE

GC 1IC S7

CCNTINUE

IF(NU.EQ.0) GO TO 31

DC 30 I=1,NU

IND (I, I)=LS2 (RN (I),YW(I))
CONTINUE

IFP(NS.EC.0) GC TO 36

DC 35 I=1,NS

IKEY=KEY(I)

GC 1TC (32,33), IKEY

IND (I¢NU,I¢NU)=LS2(RS(I),YS (I))
GO 10 34

IND (I+NU,XI¢NU)=LS2(RWP(I),YP(I))
CCNTINUE
IND(1+NUPS,I+NUPS)=LS2 (RWH (I),YS(I))
CONTINUE

CONTINUE

IF(NU. EQ.0) GO TO 38

NOMI=NU-1

DC 37 1=1,NUM1

IPI=1¢1

DC 37 J=IP1,NU

IND (I,J)=LM2 (YW({I),YW(J),ZW(L),2W (J))
CONTINUE

IFP(NS.EQ.0) GO TO 49

NSH1=NS-1

Do 44 I=1,NSN1

138

SINDCOSS
SINDOOSG
SINDOOS?
SINDOO58
SINDOOSS
SIND0JO60
SINDOOG
SINDOO62
SINDO0O63
SINCOO6Y
SINDOO6S
SINDOO66
SINDCO67
SINDOOGE
SINDO0GY
SINDCO7C
SINDOO71
SINDOO72
SINDOO73
SINDOO74
SINDOO075
SINLCOOJ76
SINDO0O077
SINDQO78
SINDOQ7Y
SINDOOBO
SINDQOOB1
SINDCO082
SINDOOS8]
SINDOO8BY
SINDCO8S
SINDOOES
SINDQO8?
SINDOOBS
SINDOCS8S
SINDCO90
SINDCO91
SINDO092
SINDGO93
SINDCO94
SINDCJVIS
SINDCO96
SINDCOY7
SINDOO9E
SINDCQ99
SINDO100
SINDO101
SINDO102
SINDC103
SINDO104
SINDO105
SINDO1YOo
SINDO107
SINDO108
SINDO1CY
STNDO110
SINDO111
SINDO112
SI1I4D0Y13
SINDO114
SINDO11S

ata”

L

VPRI YENEY WP N

SPGEREPIPE U Y




Anaas

«L—:‘F,d;“_

7

mLACLAT ALY

L an o Ay

ananan

39

40
41

42
43

LT

50
51

52

53
54
55
56
57

58

1E1=1+1

DC 44 J=IP1,NS

TF (KEY (I).EQ.1.AND.KEY (J) .EQ. 1) NK=1
IP{KEY (I) .EQ.1.AND.KEY (J) .EQ.2) NK=2

IF (KEY(I) .EQ.2.AND.KEY (J).EQ. 1) NK=3
IF(KEY (I) EQ.2.AND.KEY (J)+EQ.2) NK=4

GC TC (39,40,41,42), NK

CCNTINUE

IND (I¢NU,JeNU)=LM2 (YS (I} ,¥S (J),2%S (I),ZS (J))
GO 1C 43

IND (I+NU,J¢NU)=LM2(YS(I),YP(J),2S (I),2P (J))
GC T0 43

IND (I+NU,J+NU) =LM2{YP(I) ,Y¥S(J),2P (I),25(J))
GC 1C 43

IND (I+NU,J¢NU)=LM2 (YP (I),YP (J),ZP{I),ZP(J))
CCNTINUE

IND (I+NUPS,J¢NUPS)=LM2 (Y5 (I),YS (J),25(I),2Z5 (J))
CCNTINUE

IF(NU,EQ.0) GO TO 48

DC 47 I=1,NU

£O 47 J=1,NS

TP (KEY (J) «FQ.2) GO TO 45

IND (I,J+NU)=LN2 (YW (I),¥S(J),2W(I),25(J))

GC 10 46

CCNTINUE

IND (I,J+NU)=LM2 (YW (I),YP(J),2¥W(L),2P(J))
CONTINUE

IND (I, J¢NUPS) =LM2{YW (I),¥S(J) ,ZW(I),2S(J})
CCNTINUE

CONTINUE

CCNTINUE

IF(¥S.EC.0) GC TO 5b

PO S5 I=1,NS

IF(KEY(I) «BQ.2) GO TO 52

IND {I+NO,I+NUPS)=LS2(BS(I),¥S(I))

po 51 J=1,NS

IE(1.EQ.J) GO TO 50

IND (I+NO,J¢NUPS) =L¥2 (YS(I),¥S (J),2S (I),25(J))
CONTINUE

CONTINUE

GC 1TC S4

CCNTINUE

pc 53 J=1,NsS

IND (L+NU,J¢NUPS) =LM2 (YP (I),¥S (J) ,ZP(I),2S (J))
CONTINUE

CONTINUE

CCNTINUE

CONTINNUE

Do S8 I=2,NT

INI=I-1

DO 58 J=1,IM1

IND (I,J)=IND{J,I)

RETURN

END

SUBROUTINE PHI POR COMPUTING THZ CHAIN PARAMETER MATRICES

SUBRCUTINE PHI (PHIT,NT,TNT,LMIN,GAN,Y,YINV,T,TI, D, EN)
IMPLICIT BREAL®8 (A-H,0-2)
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’u INTEGER TNT 521110008 [
o REAL*3 LMIN SPHIC00Y S
L CCMELEX*16 PHIT(INT,TNT) ,GAM(NT) ,Y(NI,NT),YTKV{NT,NT),T{NT,NT), SPHIO0NI0 [
- - 1TI(NT,NT) ,EP (NT) ,EN(NT) SPHI00 11
oy CCMELEX*16 ZEROC,O0NEC,XJ,JCMEGA,SUMC,SUMC1,SUNC2 SPHICO1Z S
2SN CCMYGN /CCON/ ZERDC,ONEC,XJ,JOMEGA SPHIO0013 S
S THO=2Z.D0 SPHIOO0 14 R
- DC 1 I=1,NT SPHI0015 -—
EP(I)=CCEXP (GAM(I) *LMIN) SPHIOO016 .'1
1 EN{I)=CDEXP(~GAM(I) *LMIN) SPHI0017
DC 3 I=1,NT SPHIC018
DC 3 J=1,NT 3PHI0019
‘ SUMC=ZERCC SPHI0020
SUMC1=ZEROC SPHI0021
SUMC2=Z EROC SPHI0022 "]
" DC Z K=1,%T SPHI0023 ¢
- SUMC1=SUMC1+T (I,K)* (EP (K) +EN (K) ) *TI (K, J) /TWO SPHI0024 -
o= SUMC2=SUMC2+T (I,K) *GAM (K) * (EP (K) ~EN(K)) *TI (K, J) /T4O SPHI0025 e
3 2 SUMC=SUMC+T(I,K)*(EP(K)—-EN(K))*TI(K,J)/ (THO*GAM (K)) SPHI0026 T
4 PHIT (1,J)=SONC} SPHI0027 T
! PRIT(I,J¢NT)=—-SUNC2 SPHI0028 .
[ PHIT (I +NT,J) =-SUMC SPHI0029 S
h‘ 3 PHIT(I+NT,J¢NI)=SUMC1 SPHIO0030 {
& DC S I=1,NT SPHIO0031 '
= DO 5 J=1,NT SPHI10032 .
: SUMC=ZEROC SPHI0033 . c%
SUMC1=2FROC SPHIO0O34 S
- DC 4 K=1,NT SPHI0035S L
- SUMC=SUMC+YINV (I,K) $PHIT (K, J) SPHI0036 -
N 4 SUMCI1=SUMCT1+YINV (I,K)*PHIT (K,J#NT) SPHI0037 i
u T(I,J)=SU%C SPHI0018
_ S TI(I,J)=S0U8C1 SPHI0039
b DC 7 I=1,NT SPHIOO4O
= Do 7 J=1,NT SPHIOOU 1
B SOMC=ZEROC SPHI0042 E
i SOUMC1=2EROC SPHIOO0U3 )
» DO 6 K=1,NT SPHIOOUY -
SUMC=SUMC+T (I,K)*Y (K, J) SPHI004S 4
6 SUMCI1=STMCI+PHIT(I+NT,K)*Y (K,J) SPHIOOU6 !;j
PHIT (1,J)=SUNC SPHIOO04? o
7 YINV(I,J)=5S0%C1 SPRHIQO48 3
DC 8 I=1,NT SPHIOOUY X
DC 8 J=1,NT SPHI0050 -3
PAIT(I,J¢NT) =TI (1,J) SPHI0051 A
8 PHIT(I#NT,J)=YINV({(I,J) SPRI0052 -3
RETURN SPHIO0053 -
END SPHI00S4 —
c SADN00O1 ]
c SADNO0002 )
4 c SUBRCUTINE ADMALC FOR ACDING ELASTANCES TO THE INVERSE SADNCOU3 x#
L c OF THE CAPACITANCE MATRIX SADNOOOUY N
s c SADN0005 ]
‘, c SADN0006 .
e SUBROUTINE ALMADD(KEY,NU,NS,NT,NUPS,RS,TS,RWH,ERS,SS,5TV,NNU,NNS) SADMO0O?
= IPPLICIT REAL®8 (A-H,C-2) SADN0008 =1
- INTEGER KEY (NNS) SADNCO009 .
- REAL#8 MU,NMUO2PI, NUO4PI SADNO010
- REAL#8 RS (NNS),TS (NNS) ,RWH(NNS), ERS (NNS),SS{NT,NT),STV (NNS) SADM0011
COMMCN /BCON,/ ZERQ,CNE,TWO,THREE,FOUR,3U,MUO2PI,MUOUPI, SADM0012
1PI,RADEG, ERTE,S1GCOP,R,F,V2 SADNO01]
IP(¥S.EC.0) GC TO 4 SADMOO 14
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DC 3 I=1,NS

IF(KEY (I) «EQ.2) GO TO 1

STRAN=STV (I)

SWW=DLCG { {RS (T) -15 (I)) /RWH (I))/ (TWO*EI*ERS (I) *ERTE)
GC 1C 2

CCNTINUE

STRAN=ZERO

SWW=ZERO

CCNTINUE

SS(I+ND,I+NUPS)=SS (I+NU,I+NUPS) +STRAN
SS{I+NUPS,I+NU)=SS({I¢NUPS,I+NU)+STRAN
SS(I+NUPS,I+NUPS) =SS (I¢NUPS,I+NUPS) +SWH+STRAN
CCNTINUE

CONTINUE

RETURN

EXD

SUBSCUTTINE IMPACLC FOR ALCING IMPELANCES TO THE IMPELANCE
MATERIX

SUBROUTINE IMPADD(Z,KEY,NU,NS,NT,NUES,2SV,ZDV,LIV,ZRPLV,ZWWHY,
1NNU, NNS)

IPPLICIT REAL®8 (A-H,0-Z)

REAL*8 %U,MUO2PI,NMUO4PI,LTRAN,LTB

CCMELEX*16 ZERCC,ONEC,XJ,JOMEGA

INTEGER KEY (NNS)

REAL*8 LTV(NNS)

CCMELEX*16 ZSELP,ZDIF,Z(NT,NT),ZSV(NNS),2ZDV(NNS),ZWELV (NNS),
1ZWHWHYV (NNS)

CCMMCN /RCON/ ZERO,ONE,IWO,THREE,FOUR,NU, NUO2PI,MUO4PI,
1PI,BADEG,ERTE,SIGCOP,R,F, V2

COMMCN /CCON/ ZERAC,ONEC,XJ,JOMEGA

IF(NS.EQ.0) GO TO 4

DO 3 I=1,X5

IF (KEY (I).EQ.2) GO TO 1

ZSELP=25V(I)

ZDIF=2DV (I)

LIRAN=LTV{I)

GO T0 2

CCNTINDE

ZSELF=ZWPLYV (I)

ZCIF=ZSELP

LTRAN=ZERQ

CCNTINUE

Z(T+NU,I+NU) =Z(I4NU,I*NU) +ZSELF
Z(I+80,I¢NUPS) =2 (I+NU,I+NUPS) +ZSELF-2CIF~-JOMEGA*LTRAN

Z (I+NUPS,I+NO)=Z (I+NUPS,I+NU) +2SELF-ZLIF-JOMEGASLTRAN

Z (I+NUPS, I+NUPS) =Z (I1+NUPS,I+NOPS) +TWC#* (2SELP-ZDIF-JCYEGA*LT RAN)
1+ ZRUHY (I)

3 CCNTINUE
4 CONTINUE

RETOURN
END
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SADMO0015
SADMOO16
SADM00 17
SADMOO18
SADMOO19
SADMO00 20
SADM0021
SADM0022
SADM0023
SADMCO24
SADMO002S
SADMOO026
SADMCO027
SADMO0028
SADM0029
SADM0030
SIMPOO0OY
SIMPQ002
SIMpPO00]
SIMPOOOU
SIMP00OS
SINPG0O06
SIMP0007
SIMPOOOSB
SIMPQ009
SINEQO10
SIMPOO 11
SIMPOQT2
SIMEOQ13
SIMPOO 4
SImMPO015
SINPO0016
SIMPOO17
SINpCO18
SIMPOO19
SINP0020
SIMP0021
SINpP0022
SIMP0023
SINP0024
SINPO025
SIMPOO26
SI4P0027
SIMP0028
SIMP00Z9
SI®P0030
SINPOO3
SIMPO032
SInPO0033
SIMPOO34
SINPO003S
SIMP0036
SINP0037?
SIMP0038
SINPCO39
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Delete 0038
Card

0039

0041

0063

0075

0090

-

0091

L

0103

0108

0117

0118

0119
- 0120
; 0121
P 0122
0123
0124
0125
0126
0127
0128

0129

0130

0131

PP PR P R S U W S .

Conversion of SHIELD to Single Precision

Double Precision

REAL*8

COMPLEX*16

REAL*8

COMPLEX*16

REAL*8

COMPLEX*16

REAL*8

COMPLEX*16

0.0D0

1.0D0

2.0D0

3.0D0

4.0D0

2.54D-5

2.D-7

1.D-7

180.D0

2.997925D8

5.8D-7

DCMPLX

DCMPLX

DCMPLX

DATAN
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Single Precision

REAL
COMPLEX
REAL
COMPLEX
REAL
COMPLEX
REAL
COMPLEX
0.0E0
1.0E0
2.0E0
3.0EO
4.0E0
2.54E-5
2.E-7
1.E-7
180.E0
2.997925E8
5.8E-7
CMPLX
CMPLX
CMPLX

ATAN

R

1
.

lgjl

|




—r

i

Card
0241
0345
0346
0347
0348
0351
0351
0352
0352
0353
0354
0354
0355
0355
0356
0530
0609
0620
0680
0691
0735
0746
0774
0785

0931

Double Precision

PP Y N

45.D0
DSIN
DCOS
DSIN
DCOS
DSQRT
DCOS
DATAN2
DSIN
DCOS
DSQRT
DCOS
DATANZ
DSIN
DCOS
DCMPLX
DREAL
CDSQRT
DREAL
CDSQRT
DREAL
CDSQRT
DREAL
CDSQRT

CDABS
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Single Precision

PP UR/E Yl YUY SO Wy

45.E0
SiN
Cos
SIN
oS
SQRT
cos
ATAN2
SIN
cos
SQRT
oS
ATAN2
SIN
oS
CMPLX
REAL
CSQRT
REAL
CSQRT
REAL
CSQRT
REAL
CSQRT

CABS

PP A W G U
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b= .
P ) 1
:_ Card Double Precision Single Precision
—
0932 DREAL REAL ..
R
0933 DIMAG AIMAG L
0934 DATAN2 ATAN2 i;f;i
0936 CDABS CABS °
0937 DREAL REAL
0938 DIMAG ATMAG
“® 4
0939 DATAN2 ATAN2 ®
0950 CDABS CABS TSR
0951 DREAL REAL AR
. 0952 DIMAG ATMAG R
0953 DATAN2 ATAN2 ]
{ SR
- 0955 CDABS CABS ,'v”]
b - -7
b .*‘.~.'.
0956 DREAL REAL "
0957 DIMAG ATMAG C
0958 DATAN2 ATAN2 S
e
FUNCTION LS1 ﬁfk b
0007 LS1%8 LS1 S
s 1
Delete 0008 NI
elete v .A
0009 REAL*8 REAL o
0012 DLOG ALOG
‘ . [
FUNCTION LM1 -2
——= T3
0007 LM1%8 LM1 e
R
Delete 0008 SRR
N
0009 REAL*8 REAL =
0015 DLOG ALOG .
N
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LA

4

FUNCTION LS2 E
- RN

0007 LS2%8 LS2 .9

q

Delete 0008 '

0009 REAL*8 REAL R
L w,c'*‘

0012 DLOG ALOG K
FUNCTION LM2 b
r.- 0007 LM2%8 IM2 e
1 T
i Delete 0008 L
- 0009 REAL*8 REAL Ll
ﬁ 0016 DLOG ALOG ®
4
3 0017 DCOS cos -
. - BRRS
- 0017 DCOS cos 2
b' b
FUNCTION STB - 1]
0007 STB*8 STB
o
Delete 0008 o
3
0010 REAL*4 REAL -3
0011 REAL*8 REAL i
0020 DCOS coS T
)
0023 1.0D-2 1.0E-2 ~
r . T
- 0024 5.0D0 5.0E0 :
3 0026 5.0D-2 5.0E-2 i
F s \ .
& 0045 45.0D0 45.0EO ?
146
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FUNCTION LTB
0007 LTB*8

Delete 0008

0010 REAL*4
0011 REAL*8
0020 DCOS

0023 1.0D-2
0024 5.0D0
0026 5.0D-2
0045 45.0D0

FUNCTION ZWW
0006 ZWW*16

Delete 0007

0008 REAL*8

0009 COMPLEX* 16

0010 Change all D's to E's
0014 DSQRT

FUNCTION ZDB
0007 ZDB*16

Delete 0008

0010 REAL*8
0011 COMPLEX*16
0015 DSQRT

0018 CDEXP

0018 CDEXP

0020 DCOS
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LTB

REAL
REAL
COoS
1.0E-2
5.0E0
5.0E=-2

45.0E0

ZWW

REAL

COMPLEX

SQRT

ZDB

REAL
COMPLEX
SQRT
CEXP
CEXP

CcosS
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FUNCTION ZSB

:! 0006 ZSB*16 ZSB

Delete 0007

0009 REAL*8 REAL
0010 COMPLEX*16 COMPLEX
0014 Change all D's to E's

0015 DSQRT SQRT
0021 DCOS CcoSs
0023 DCOS Ccos
0026 DCOS cos

FUNCTION ZDS
0007 ZDS*16 Zns

Delete 0008

0009 REAL*8 REAL
0010 COMPLEX*16 COMPLEX
0014 DSQRT SQRT
0017 CDEXP CEXP
0017 CDEXP CEXP
FUNCTION ZSS !

0007 ZSS*16 zss
Delete 0008 {*
0009 REAL*8 REAL t1
0010 COMPLEX*16 COMPLEX =
0014 DSQRT SQRT f:
0016 DEXP EXP ;q
0016 DEXP EXP %
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0017
0017
0018
0018
0020

0020

Delete 0007

0008

Delete 0008
0010

0011

Delete 0008
0010

0011

Delete 0007
0009
0010
0012

0014

FUNCTION ZSS (Cont'd)

DEXP

DEXP

DSIN

DCOS

DSIN

DCOS

SUBROUTINE MULTC

COMPLEX*16

SUBROUTINE SCAP

REAL*8

2.997925D8

SUBROUTINE INDUCT

REAL*8

REAL*8

SUBROUTINE PHI

REAL*8
COMPLEX*16
COMPLEX*16

2.D0
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EXP
EXP
SIN
CcosS
SIN

cos

COMPLEX

REAL

2.997925E8

REAL

REAL

REAL
COMPLEX
COMPLEX

2.EO
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0016

0017

Delete 0008
0010
0011

0018

Delete 0009
0010
0011
0013

0014

I e BN Jbwe- Sach Jhin b M Jnan S b em Stk e Bhgts she LA Snet snem coe bsen aeen iy

SUBROUTINE PHI (Cont'd)

CDEXP

CDEXP

SUBROUTINE ADMADD

REAL*8
REAL*8

DLOG

SUBROUTINE IMPADD

REAL*8

COMPLEX*16

REAL*8

COMPLEX*16
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CEXP

CEXP

REAL

REAL

ALOG

REAL
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APPENDIX C

Flowchart of SHIELD
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START

General comments concerning
applicability of the program

! -
Declare variable and array types. ’
Dimension arrays

g
g

o
o
(%)
oo

common blocks

!

Read and print input data

o
Define constants and L

Y

© 0 6
& 6 O

g
Read and print line structure data ?
-
.
b
Y B
R
NS0 (T) 3
NU#0 .L.d
Read and print unshielded wire data -
24
9

BT PR
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Y

Read and print shielded cable data
(including pigtail data)

Read and print terminal characteristics data
(including shield grounding data)

¢

Read frequency and compute
per-unit-length conductor impedances

Store right pigtail lengths in LPT and initialize
chain parameter matrix of right pigtail section,
PHIR, to the identity matrix

‘117)
7

Determine longest pigtail, LMAXR, in array LPT

LMAXR=0

LMAXR#0
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4

f

Determine shortest pigtail, LMINR, and set entries
in array KEY to indicate for each cable
whether a shield (1) or a pigtail (2)
is present over LMINR

®
®

; L 4
0589 Compute chain parameter matrix of this right pigtail s
section of length LMINR and store in PHIT

L ¢ o

Multiply this section chain parameter matrix PHIT,
and the previous, accumulated chain parameter matrix,
PHIR, as TPHI = PHIR*PHIT and restore in PHIR

1
@
ottt

rrr"'ﬂ'

A 4
Subtract LMINR from each previous pigtail length o8 J
and restore in array LPT = B
ly
G0 TO 117

. & &

)

”

’

4
Store left pigtail lengths in LPT and initialize chain @
parameter matrix of left pigtail section, -1
PHIL, to the identity matrix =

o
"
Determine longest pigtail, . :'.j"
LMAXL, in array LPT @

»
"1

LMAXL=0
i ) :
bl
LMAXL#0 -1
1
1
1
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0660

©

®

©

©® ©

Determine shortest pigtail, LMINL,
and set entries in array KEY to indicate for each
cable whether a shield (1) or a pigtail (2)
is present over LMINL

1?

Compute chain parameter matrix of this left pigtail
section of length LMINL and store in PHIT

f

Multiply this section chain parameter matrix, PHIT,
and the previous, accumulated chain parameter matrix,
PHIL, as TPHI=PHIT*PHIL and restore in PHIL

!

Subtract LMINL from each previous pigtail
length and store in array LPT

\

GO TO 137

GD

Determine length of shieldqd section LSHLD=L-LTR-LTR

LSHLD=0

LSHLD#0

1

[
Compute chain parameter matrix of this
shielded section and store in array TPHI

4

Form overall chain parameter matrix
of line as PHIR*TPHI*PHIL and store in array TPHI

4

GO TO 173
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169

173

Rearrange rows of chain parameter matrix

Rearrange columns of chain parameter matrix

| 4

Incorporate terminal conditions and form equations (2-62)

Solve equations (2-62) and form equations (2-61)

Print magnitude and phase of terminal voltages

Additional
‘::;Efequency

cards?
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Compute overall chain parameter matrix for a 0786
line having no shielded cables and store in array TPHI

0826

0859

0909
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MISSION
of
Rome Awr Development Center

RADC plans and executes research, development, test and
selected acquisition proghams in support of Command, Control
Communications and Intelligence (C31) activities. Technical
and engdineening support within areas of technical competence
458 provided to ESD Program 04f4ices (P0s) and other ESD
elements. The prinedipal technical mission areas are
communications, electromagnetic guidance and control, sur-
velllance of ground and aerospace obfects, intelligence data
collection and handling, information system technology,
Lonospheric propagation, solid state sciences, microwave
physics and electronic neliability, maintainability and
compatibility.
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